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Abstract 
Governments and heavy industries are facing a paramount task of developing more 
innovative, economical, and effective heat transfer technologies in order to curtail the 
negative impact particulate fouling has on the global economy and environment. A 
promising material to enhance heat transfer is open-cell metal foam which exhibits 
superior qualities ranging from higher effective heat transfer performance to larger 
exchange area as compared to fin-based heat exchangers.  
Despite these advantages, metal foams and fins are both susceptible to fouling which 
leads to an increase in energy consumption and maintenance costs. Additionally, 
existing studies on metal foams are based on a number of assumptions thereby 
misjudging species transport. This goal of this research is to develop a novel 
numerical method utilizing a coupled Finite Volume & Discrete Element Method to 
critically elucidate particle-laden fluid flows and dry aerosol transport, deposition 
propensity, and aggregation in idealized aluminium metal foam heat exchanger 
configurations.  
The development of such numerical models will be envisaged as a means to mitigate 
particulate fouling in metal foam heat exchangers thereby saving millions of dollars 
of maintenance costs, operation downtime, whilst conserving productivity. An 
analytical model will be used to support the numerical findings. This approach will 
elucidate a metal foam’s true potential. Moreover, this robust numerical model will 
pave way for the development of an optimized heat exchanger configuration that has 
lower pressure drop and particulate fouling. The new model will be tested on several 
idealized metal foam configurations as a steppingstone to conduct further assessment 
on particle-laden flows in real 3D metal foam structures. Preliminary investigations 
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show that deposition patterns differ with porosity due to different relaxation times of 
particles and geometric configuration of foams.  
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Chapter 1 Introduction 
1.1. Background 
 
 
Particle-laden flows, a branch of multiphase flows, where two or more states of 
matter exist are ubiquitous in many large scale industrial processes such as heat 
exchangers in the oil and gas industry, fuel cells, diary and sugar refineries, 
wastewater treatment, and nuclear power plants (Cengel, 2007). The study of 
multiphase flows in porous structures such as metal foams coupled with the effects of 
heat transfer, acoustics, and the presence of turbulence is relatively new and 
mathematically challenging. To the best of the author’s knowledge, very few texts 
delve deeply into this subject (Crowe, 2012; Pinder & Gray, 2008; Lemos, 2012). 
The underlying principles that govern particle-laden flows in porous structures are 
complex and not well established in existing literature. For instance, there are no 
studies dealing with metal foam based air cooled heat exchangers. Existing air cooled 
heat exchangers depicted in Fig. 1 utilize fins to enhance heat transfer. The 
implementation of an advanced numerical computational fluid dynamics (CFD) 
method backed by analytical validation and possible experimental validation is 
necessary to accurately produce optimized heat exchanger designs. For example, in 
the U.S.A., total annual costs of fouling as of 2010 are estimated to be USD $7 
billion, equating to about 0.25 % of the Gross National Product of the country 
(Muller-Steinhagen, 2005). An increase in fouling, for instance membrane fouling in 
waste water treatment plants means that more energy will be utilized (Australian 
Water Recyling Center for Excellence, 2014); this will eventually lead to increased 
greenhouse gas emissions (Coletti, 2009; Corker, 2014). Crude oil refinery 
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operations have experienced similar increased carbon dioxide emissions caused by 
fouling in heat exchangers (Coletti, 2009). A company reported spending USD $12 
million annually for cleaning of air cooled heat exchangers where dust laden 
environments are prevalent in Australia and the Middle East. 
 
 
Fig. 1. Schematic of a forced-draft air cooled heat exchanger (Serth & Books, 2007) 
Different heat transfer applications require different types of hardware and different 
configurations to achieve optimum heat transfer performance. The market value for 
heat exchangers is expected to reach US$57.9 billion by 2016 and to approach 
US$78.16 billion by 2020 (Market Report: Global Heat Exchanger Market, 2013). 
Clearly, the increased demand of heat exchangers in the industry exemplifies the 
necessity to conduct advanced research in developing methods to optimize heat 
exchanger design in order to increase overall efficiency, minimize particulate 
fouling, energy consumption, greenhouse gas emissions, operational downtime, and 
maintenance costs. An air-based heat exchanger, an example of which is shown in 
Fig. 1, is a component of Heating Ventilation and Air Conditioning (H.V.A.C. & R.) 
systems (Fig. 2) found in commercial building including universities, hotels, 
museums, and airports amongst others. 
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Fig. 2. The interior of an Air Handling Unit (OA: Outdoor Air, SA: Supply Air, EA: 
Exhaust Air, RA: Return Air) (Kusiak et al., 2013) 
The performance of metal foam heat exchangers (Fig. 3a) as compared to fin based 
heat exchangers (Fig. 3b) has been shown to have superior heat transfer performance 
as compared to that of conventional finned tube heat exchangers albeit metal foams 
are highly susceptible to higher pressure drop from fouling (Hooman & Gurgenci, 
2011). To the best of the author’s knowledge, there are no numerical investigations 
based on mono-dispersed particle laden laminar and turbulent flow in either idealized 
or realistic metal foam structures. Hooman et al. (2012) used analytical tools to 
determine the deposition effects on thermo-hydraulic performance in idealized metal 
foams but the study assumes uniform particulate deposit layer which is not always 
true in reality. Sauret & Hooman (2014) harnessed the Eulerian-Lagrangian 
numerical method to assess the probability of particle deposition in idealized metal 
foam heat exchangers but direct contact particle forces were not taken into account 
and having an incomplete dynamic information, thereby underestimating the actual 
particle deposition process. The primary mechanisms that are responsible for particle 
aggregation and deposition in these metal foam heat exchangers are indistinct. 
Additionally, it is not clear under what situations metal foams are susceptible to 
fouling. A coupled Finite-Volume Method (F.V.M.) & Discrete-Element Method 
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(D.E.M.) to account for realistic species transport in foams or idealized porous media 
hasn’t been conducted. Therefore, it’s important to conduct an in-depth examination 
to determine a metal foam’s true potential prior to having it mass produced as a 
complete replacement for fins in engineering applications. 
  
Fig. 3.  (a) metal foam heat exchanger (left); (b) fin based heat exchanger (right) 
(Sertkaya et al., 2012) 
Therefore, the first step is to gain a comprehensive understanding of the fluid-particle 
physics in porous media on a micro-scale. Hence, the objective of this research is to 
numerically examine the transport of industrial dry aerosol particles and the 
mechanisms that govern deposition and aggregation of said aerosols in various 
idealized porous metal foam configurations and to assess the tortuous particle-laden 
flows, the deposition propensity, and its respective pressure drop in various simple 
2D idealized metal foam configurations. The robustness of this new porous media 
model will be theoretically validated based on a modified Ergun and Forchheimer 
analytical equation. The simulations are performed using a coupled finite volume & 
discrete element approach to take into account particle and fluid interactions, 
particle-wall adhesion, adhesive particle-particle interactions, and the influence of 
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particulate phase on the fluid continuum will be addressed accordingly. Therefore, a 
robust numerical approach to particle-laden flows is of paramount importance in 
order to better optimize designs for efficient operation of large scale industrial 
systems.  
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1.2. Research objectives 
 
A numerical investigation to examine the efficacy of idealized porous channels is of 
paramount importance. This work is aimed at developing a robust numerical model 
to decipher the complex mechanisms that govern particle-laden fluid flow transport 
in idealized metal foams whilst achieving numerical accuracy and consistency. The 
influence of particle deposition and accumulation on pressure drop in various 
idealized heat exchanger configurations is to be assessed. Likewise, the development 
of a validated numerical model is essential in order to conduct intensive 
computational analysis. Lastly, parametric studies will be conducted to obtain an 
optimum heat exchanger configuration with minimum particulate fouling. This will 
be of great importance in design optimization of compact heat exchangers which is 
gaining extensive coverage and popularity in the research and development arena.  
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1.3. Significance & Innovation 
 
The significance upon the completion of this research project allows an engineer to 
better understand the mechanisms by which dust accumulates, thereby paving way 
for engineers to optimize heat exchanger designs. Consequently, this will mitigate 
fouling, reduce energy consumption caused by fouling, economize capital 
expenditure (CAPEX) on heat exchanger maintenance, and reduce operation 
downtime thus enabling companies to save millions of dollars per annum in 
maintenance costs and productivity.  
Additionally, a validated numerical approach will serve as a stepping stone to 
conduct particle-laden fluid flows coupled with heat transfer on a macroscopic level 
based on real 3D metal foam heat exchangers. This essential step will decipher the 
true potential of metal foams prior to having it mass produced for specific 
engineering applications. 
 
 
 
 
 
 
 
   
8 
 
1.5. Research assumptions 
 
The following assumptions are used as foundations for this research work: 
1. An idealized configuration of the metal foam will be introduced in the scope of 
this thesis. The idealized configurations are based on metal foam ligament and pore 
diameter. 
2. The particles are treated as smooth and rigid in the numerical investigation. 
3. The walls of the confined channels that contain the particle-laden flow are smooth 
and have no roughness model incorporated into the numerical investigation. 
4. Mono-dispersed particles are used in this investigation. However, a fixed size of 
500 micrometers is suitably representative of actual industrial aerosols found. 
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1.4. Thesis outline 
 
This dissertation comprises of 6 chapters.  
Chapter 1: Introduction 
Herein, the introduction of the project is highlighted. Moreover, the objectives and 
significance of this research is presented. 
Chapter 2: Literature Review 
A comprehensive literature review comprising of existing studies based on numerical 
approach to particle-laden flows in porous media and metal foam technology will be 
discussed. This section will unravel the associated research work on the aforesaid 
subjects that hasn’t been conducted to date. 
Chapter 3: Research Methodology 
This section will cover the methods used in this numerical investigation. 
Additionally, an in-depth research plan is presented. The numerical and 
mathematical models are presented. 
Chapter 4: 
Validation and Verification of Numerical Model  
This will highlight the validation and verification aspects of the numerical model. A 
grid based sensitivity analysis and a cohesion energy density sensitivity analysis is 
presented as part of the model verification. The analytical equations such as the 
Ergun equation will serve as an important tool for validation as a means to ascertain 
the reliability and accuracy of the deployed numerical model. 
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Chapter 5:  
Numerical Results & Discussion 
Once the proposed numerical model has been validated and verified, a 
comprehensive analysis of particle-laden fluid flow in various idealized 
configurations is proposed. The deposition fraction, tortuosity, aerosol penetration, 
and 2, 4-way coupling analysis will be evaluated.  
Chapter 6: 
Design Optimization of Metal Foam Heat Exchanger 
Afterwards, parametric studies will be conducted to ascertain the particle’s influence 
on fluid based on a variation of the original parameters based in Chapter 5 such as 
fluid inlet velocity, geometric configuration variation, and particle size. 
Chapter 7:  
Conclusions & Recommendations 
This will consist of conclusions of the results obtained from the present findings. 
Additionally, the research limitations, future development will be discussed. 
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Chapter 2 Literature Review 
2.1. Fouling & heat exchanger efficiency 
 
Several key phenomenon may attribute to the decline in heat exchanger performance 
namely non-uniformity of fluid flow, and fouling where, for example, dust particles 
accumulate on the porous structure or fins over time (Odabaee et al., 2013). A major 
challenge that confronts an engineer is the intervallic maintenance of large scale 
industrial heat exchangers (Muller-Steinhagen H., 2000). The heat exchanger is 
constantly subject to fouling over long periods of time, inevitably degrading the 
performance of the heat exchanger and reducing its thermal and practical efficiency. 
Fouling is classified under two categories: macro and micro fouling. Macro fouling is 
the accumulation of unwanted material such as algae, leaves, and manmade refuse 
that accumulate on solid or porous surfaces of heat exchangers. Secondly, micro 
fouling includes precipitation fouling, particulate fouling, bio-fouling, and corrosion 
fouling. Micro fouling is significantly more difficult to prevent and eliminate than 
macro fouling especially in large scale air based heat exchangers thereby 
highlighting the necessity to address the issue in this project. Fig. 4 shows the sort of 
particulate matter around us; this research will study particulate fouling based on 
dust particles which is prevalent in arid regions.  
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Fig. 4. Aerosol size ranges (Colbeck & Lazaridis, 2014) 
Particulate fouling is a complex process that depends on a number of factors (Muller-
Steinhagen & Blochl, 1988). These factors include particle size and type, near and 
far field hydrodynamic interactions, velocity, forces, and temperature.  
It is somewhat an arduous task to keep a heat exchanger running at its peak thermal 
efficiency. Firstly, it is difficult to nullify micro-fouling completely. Secondly, a 
company will have to dedicate a significant amount of financial resources to 
maintain a heat exchanger, fuel costs, and production loss. Conservative studies have 
shown that the losses caused by fouling of heat exchangers is around 0.25% of the 
gross domestic product (GDP) of industrialized nations (Muller-Steinhagen et al., 
2013). In addition, very limited research has been done to determine accurately the 
economic penalties due to fouling and to attribute these costs to the various aspects 
of heat exchanger design, optimization, and operation.  
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Thirdly, the long term effects of particle deposition in various metal foam heat 
exchangers are indistinct (Odabaee et al., 2013; Hooman et al., 2012). The actual 
particle deposition using a discrete element method in metal foams hasn’t been 
considered thereby overestimating actual heat fluxes and realistic particle deposition 
patterns. Hooman et al. (2012) provided a simplified theoretical model to fouling in 
metal foams. Firstly, one of their parametric studies state that the use of low pore per 
inch (PPI) metal foams in dusty environments reduces the deposition effect on the 
foam performance. Secondly, in an isothermal system, the main particle transport 
mechanisms for particles of diameters between 10-400 µm are based mostly on 
gravitational and inertial impaction due to their relatively large size.  
Unfortunately, the actual particle micromechanics governing deposition has been 
largely approximated, and not based on the true representation of particle dynamics 
as found in reality. This will lead to customers having an impossible task of 
determining the best metal foam type that will yield optimal performance for their 
applications, such as heat exchangers. This research will aim to verify the above 
claims by both a robust numerical and novel experimental approach. The recent 
introduction of powerful computational software takes metal foam research to an all 
new and interesting echelon. Successful implementation of this research will pave 
the way to yielding a number of positive results such as improved performance and 
efficiency of heat exchangers and minimum fouling and reducing its negative impact 
on a country’s economy and global environment. Successful development of a 
numerical model to predict particulate movement and accumulation in heat 
exchangers will consequently pave the way for a more refined and efficient heat 
exchanger design and optimization techniques.  
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2.2. Metal foams 
 
Metal foams are used to increase the efficiency of heat exchangers and are shown to 
have superior overall heat transfer performance as compared to that of conventional 
finned tube heat exchangers (Hooman & Gurgenci, 2011). A scan of an aluminium 
foam specimen obtained via X-ray computed microtomography is shown in Fig. 5a 
(Ranut et al., 2013). A close-up of the scan clearly shows the ligaments of the 
metallaic foam as shown in Fig. 5b (Dyga & Placzek, 2015). 
Whereas, Fig. 6 (Ranut et al., 2015) shows different metal foams with varying 
porosity values. It’s noted here that the permeability differs in the x, y, z direction 
(non-isotropic). Nevertheless both fins and metal foams are subject to fouling; 
consequently, the phenomenon will depreciate the overall efficiency of heat 
exchangers. From a scientific perspective, the dust deposition in metal foam heat 
exchangers needs to be analysed by devising computational models to better predict 
and understand the physical mechanisms of dust deposition in pore-scale structures. 
This will lead to improving the overall efficiency of metal foam heat exchangers and 
reducing the cost of cleaning. Interestingly, metal foams are also used in lightweight 
optics, cryogen tanks, and compact electronics cooling, and biomedical applications 
(Dukhan, 2013). Metal foams are manufactured via injecting gas or mixing a 
foaming agent, such as a surfactant or a blowing agent, into the molten metal 
(Dukhan, 2013). 
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Fig. 5. (a)  Aluminium foam specimen (Ranut et al., 2013) (b) close-up of a 
aluminium metal foam specimen (Dyga & Placzek, 2015) 
 
Fig. 6. Volume rendering of metal foam specimens obtained from X-ray µ-CT: (a) 
30 PPI (b) 20 PPI, (c) 10 PPI. Dimensions:  12 x 12 x 20 mm3 (Ranut et al., 2015) 
Metal foams have a number of important thermo-physical and mechanical properties 
which vindicate the use of the material in a number of industrial applications: high 
surface area to volume ratio, low thermal and corrosion resistance, high porosity, 
large exchange surface, and very low  mass.  
Metal foams are classified as highly porous material and are gaining significant 
popularity in the aerospace, large-scale manufacturing industry, and for advanced 
technology. They are constantly subject to extensive research.  
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Indeed, the use of metal foam heat exchangers paves the way for an increase in heat 
transfer, although it comes at a cost: a higher pressure drop (Hooman et al., 2012; 
Odabaee & Hooman, 2011). In this study, optimization techniques were utilized to 
find the most favorable radial porous layer and radial cylindrical tube dimensions in 
order to obtain the maximum heat transfer rate and minimum pressure drop. Nano-
particle porous layers of Copper Oxide (CuO) have been experimented for 
conventional heat exchangers; consequently, heat transfer performance has been 
greatly increased in addition to decreased greenhouse gas emissions (Kunugu et al., 
2004). Such foam like structures of various shapes and sizes are subject to extensive 
research considering the multitude of valuable properties such foam like structures 
possess. Mahdi et al. (2014) reviewed various convective flow regimes and heat 
transfer through porous media and have surmised that the inclusion of nanofluid 
filled in metal foams greatly enhances heat transfer performance. Unfortunately, the 
inclusion of nanofluids comes at a price of a higher pressure drop; however, an 
optimum value of the nanofluid is derived. That said, it is not clear if this positive 
effect is reduced or nullified under the presence of fouling. 
Ranut et al. (2013) studied heat transfer characteristics in real non-Kelvin metal foam 
geometries obtained via X-ray computed micro-tomography. They found the 
effective thermal conductivity of the foam is mostly given by the conductivity of the 
solid ligaments, since the contribution of the fluid is only marginal. Interestingly, 
there are very few studies dealing with traditional fin or shell-and-tube based heat 
exchangers with the inclusion of metal foams. For instance, Rad et al. (2014) 
investigated heat transfer enhancement in shell-and-tube heat exchangers using 
aluminium metal foams based on two cases: inside the tube and shell. Seyf & 
Layeghi (2010) studied convective heat transfer from a fin heat sink with and without 
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metal foam insert with laminar flows. They found the structural properties of metal 
foam inserts can significantly influence both flow and heat transfer in fin heat sinks. 
Furthermore, the Nusselt number is shown to increase as high as 400 % in some 
cases with a decrease in porosity of foam and increase in Reynolds number; 
however, the pressure drop increases with decreasing permeability and increasing 
Reynolds number. However, it is not clear of the quantitative aspects of the pressure 
drop and heat transfer penalties based on long term effects of particulate fouling and 
its economic cost; additionally, their analysis is restricted to only laminar flows. 
In other applications, Garcia-Avila et al. 2014 has used Finite Element Method 
(FEM) to study the ballistic performance of composite based metal foams in armour 
systems. They’ve seen a 60-70 % increase in kinetic energy absorption of the 
projectile as compared to non-metal foam ballistic armour. As can be seen, metal 
foams have promising capabilities, and are gaining extensively popularity in research 
and development (R&D) environments as well as industrial applications.  
However, there are limitations to the research side of metal foams. Firstly, most of 
these studies use the Finite Volume Method to study only one-phase flow i.e. fluid 
flows and heat transfer in metal foams. Most large scale industrial applications have 
two or more phases of flow. Additionally, there are no studies that go into length the 
qualitative and quantitative aspect of the comparison of particle deposition, fluid 
flow, particle dynamics in metal foams compared with fin based heat exchangers. 
Secondly, no such study has accounted for multi-disperse particle-laden laminar or 
turbulent flows in real or even idealized metal foam geometries in addition to 
thermophoresis. Thirdly, although manufacturers have been able to catalog a plethora 
of metal foams, it is reported that customers have found it very difficult to select a 
suitable and optimum type of metal foam (based on type, porosity, permeability) that 
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is best suited to their application, in say, heat exchangers (Dukhan, 2013). This is due 
to the lack of readily made information available in the market concerning fouling in 
metal foams and its subsequent long term negative effect such as increased pressure 
drop and reduced heat transfer performance. A suitable numerical method will be 
used to assess particle dynamics and deposition based on various particle types, 
sizes, and real and idealized metal foam geometries. 
2.3. Numerical approach to particle-laden flows 
 
The use of numerical methods has been gaining extensive popularity in examining 
heat and mass transport in porous media.  
An analytical approach required for dealing 10 or more particles is extremely 
difficult to tackle, due to the time-consuming, lengthy, and complex formulations 
that are involved in this approach (Happel & Brenner, 1973). Therefore, in order to 
critically examine particle transport and deposition in porous media when dealing 
with 10 or more particles, which is the case in large-scale industrial systems, it is 
pertinent to select the appropriate numerical methods in order to reach numerical 
accuracy and stability when dealing with systems with a multitude of particles of 
sizes and types.  
A number of numerical methods can be used to study particle-laden type multiphase 
flows. A fully resolved and four-way coupled approach to particle-laden flows will 
be used to numerically investigate particle deposition in idealized and real porous 
geometric structures. The four-way coupling takes into account (i) the influence of 
the fluid phase on the particulate phase via aerodynamic drag and turbulence transfer 
(ii) the reduction of the mean momentum and turbulent kinematic energy in the 
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continuous phase as a direct consequence of the discrete phase (iii) particle-particle 
and particle-wall collisions interactions creating particle pressure and viscous 
stresses.  
Firstly, one-way coupling takes into account the fluid phase influence on the 
dispersed phase only via drag forces and turbulence transfer with a negligible effect 
of the dispersed phase on the carrier phase; whereas two-way coupling is where the 
influence in terms of the momentum exchange between the particle and fluid phase is 
felt, and where the dispersed phase reduces the turbulent kinetic energy in fluid 
phase and the dynamics between the two phases are omnipresent (Xiao & Sun, 
2011).  Finally, four-way coupling is identical to two-way coupling but with the 
addition of particle-particle mutual interactions and particle-wall interactions that 
generate pressure and viscous stresses (Crowe, 2012; Xiao & Sun, 2011) which is 
prevalent in heavy industrial systems (Chu & Yu, 2008). This paper will concentrate 
on fully coupled numerical analysis of multiphase gas and solid laminar flow with 
one, two, and four-way coupling. Therefore, a coupled continuous and discrete 
numerical approach is essential for numerically investigating particle-fluid 
interaction in idealized or real porous systems. It is noted that there are a number of 
methods that can be chosen to numerically simulate single-phase or multiphase flow 
depending on particle size as shown in Fig. 7. 
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Fig. 7. Lagrangian particle methods for single-phase flow (Li et al., 2011)                 
QM: Quantum Mechanics, MD: Molecular Dynamics, DPD: Dissipative Particle 
Dynamics, BD: Brownian Dynamics, DEM Discrete Element Method 
There are studies based on numerical analysis of single-phase flows in clear and 
porous channels. For instance, Huisseune et al. (2015) compared the thermal 
performance of both finned and metal foam heat exchangers and concluded that the 
optimum geometric configuration of metal foam exchangers must be taken into 
account in order to yield maximum thermal performance; however, despite the many 
advantages of metal foam, it may not always outperform a finned heat exchanger and 
the metal foam exchanger’s energy efficiency will also be based on the geometric 
configuration alongside other metal foam parameters such as its porosity and 
permeability.  
Nevertheless, the effect of fouling on the overall thermal resistance is not adequately 
quantified. Moreover, it is not known whether fouling contributes to similar 
magnitudes of change in pressure drop and heat transfer. It is also not clear whether 
the geometric configuration contributes to a significant change in the exchanger’s 
energy efficiency due to fouling. Han & Cundall (2013) studied hydro mechanical 
physics in porous media flow by using a Lattice Boltzmann (L.B.) Code coupled 
with D.E.M. to study fluid flow in ducts and settling of spheres, but cautioned the 
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vast computational expense encountered by L.B. method when dealing with 3D 
structures.  
The 3D rendering of a X-ray microtomography scan of a metal foam was used to 
investigate heat transfer performance in real 3D metal foams (Ranut et al., 2014; 
Diani et al., 2015).  It was found that the effective thermal conductivity of the real 
metal foam is primarily attributed to the conductivity of the foam’s solid ligaments 
(Ranut et al., 2014). However, it is not certain whether the introduction of dry 
aerosols into the system contributes to a significant effect on the effective thermal 
conductance on the ligaments of foams of different metals such as copper, titanium, 
in contrast to aluminium. Forced convection of air through real 3D copper metal 
foam structures of various porosities was numerically investigated by Diani et al. 
(2015), and one of the main findings was the increased interfacial heat transfer 
coefficient of copper foams with decreasing porosity (Fig. 8); however, (1) it is not 
known whether ligament thermal conductivity, overall heat transfer performance, or 
pressure drop is more sensitive to fouling, (2) particle transport species is not 
covered, (3) the varying permeability in x-y-y (anisotropy)’s influence on heat 
transfer is ignored. Importantly, a frank numerical and experimental comparative 
assessment of overall heat transfer performance in the presence of acoustic/ultrasonic 
fields coupled with the the influence of industrial aerosol fouling in copper, 
aluminum foam, and louvers fins has not been conducted. 
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Fig. 8. Thermal analysis of forced convection in 10 PPI (93.4 % porosity) copper 
foam with an inlet velocity of 4.9 m/s, imposed heat flux of 10 kW/m2 with domain 
size of 6 x 6 x 25 mm Diani et al. (2015) 
Several studies did not account for direct particle-particle interactions and particle 
cohesiveness in both clear and porous channels. For instance, Ji et al. (2008) 
numerically investigated two phase flows and particle seperation in a ceramic filter 
by using a coupled Eulerian-Lagrangian approach. But the adhesive contact particle-
particle physics between the smaller 1-10 µm particles, where van der Waals play a 
role in particle distribution in that range (Marshall & Li 2014), has not been resolved 
thereby underestimating the definite particle concentration distribution in the filter at 
different times. Marechal et al., 2014 used a coupled finite volume & discrete 
element approach to study clogging of porous ice poly-dispersed particles in aircraft 
fuel systems in order to inform aviation safety equipment manufacture. Their studies 
show that pressure drop increases with increasing particle build up, but is limited to 
2D systems and they didn’t account for cohesiveness of micron sized particles, nor 
did they capitalize on idealized porous or real geometries. The study assumed linear 
porosity for the dispersed particles which isn’t the case in reality. 
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A Brinkman-extended Darcy model for the momentum transport and Calmidi & 
Mahajan model for energy transport is used to numerically investigate thermal 
performance in non-isothermal fluid immersed- idealized aluminium foams for 
design optimization; that is, striking a balance between heat transfer coefficent and 
pressure drop (Mao et al. 2014). Fig. 9 shows a steady state and static temperature 
and pressure contours for a idealized metal foam with 90 % porosity. The advantage 
of such staggered layout is the enhancement of flow mixing, or thermal dispersion. 
However, their studies assumed anisotropy, idealized configuration, and no particle 
species transport, thereby underestimating dust clogging effects. Secondly, particle 
aggregation and fouling is not steady state in nature and varies linearly or 
asymptotically depending on particle species.  
 
Fig. 9. Steady state temperature distribution (Kelvins) for idealized 2D aluminium 
foam (95.6% porosity, 10 PPI) with dimensions of 1 x 0.2 x 0.55 m (Mao et al., 
2014) Direction of flow: left to right 
The pioneer behind the development and implementation of a coupled F.V.M. & 
D.E.M. approach first studied cohesionless particles in slug flow in clear channels 
(Tsuji et al., 1993). It was noted the variation in plug formation based on various 
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fluid velocities (Fig. 10); however their study is restricted to large (2000 µm) and 
cohesionless particles. 
 
Fig. 10. Behavior of particles in fluidized bed based on two superficial fluid 
velocities (a) 2.0 m/s (b) 2.6 m/s 
It is clear that studies utilizing a coupled approach to generate robust models for 
various applications have been conducted. However, to the author’s knowledge, 
almost no studies have been conducted to study particle laden flows in porous 
channels via a coupled F.V.M & D.E.M approach. Whilst it is true that poly disperse 
flows are prevalent in most real systems, it is the author’s intent to assess the physics 
behind mono dispersed particle interactions in simple idealized porous media first 
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before delving into the physics behind poly-disperse aerosols in complex 3D 
geometries. 
Plugging by hydrodynamic bridging is commonly encountered in many chemical 
process engineering systems such enhanced oil recovery and filtration based 
separation methods (Ramachandran & Fogler, 1998). A coupled finite volume 
method and discrete element method with the use of LIGGGHTS and OpenFOAM 
software was used to study hydrodynamic bridging at constrictions in clear channels 
whilst using adaptive meshing techniques (Mondal 2013). The study showed that the 
probability of jamming increases with particle volume concentration although 
restricted to laminar mono-dispersed particle laden flows but poly-disperse aerosols 
weren’t considered. Cui & Chapman (2014) numerically simulated, via L.B.M.-
D.E.M., internal fluidization induced by a leaking pipe. However, it is difficult to 
implement boundary conditions and these methods take up considerable computing 
resources as compared to grid based methods. 
The third method used to numerically solve the fluid momentum terms and solid 
particle trajectories simultaneously is the penalization approach introduced by 
Lefebvre (2007). Unfortunately, this method is unable to capture the cohesiveness of 
particle-particle interactions; it doesn’t have any cohesion model embedded into this 
approach. It doesn’t have a suitable algorithm to account for particle stresses such as 
the Harris-Creighton model nor does it have a suitable drag model to account for 
dense packing of spheres such as fluidized beds. Therefore the study of the 
deposition of particles will be misjudged with the use of this approach giving 
inaccurate results. 
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 A summary of these studies are shown in Table 1. It is noted that all of these studies 
are based purely on single-phase flows. However, in reality most engineering 
applications encounter two-phase flows or more such as solid-gas or liquid-liquid 
flows.  
Therefore, in order to capture the microscopic mechanisms that describe the physics 
of particle flows, the discrete element method for the dispersed phase will be used. 
The finite volume method will be used for continuous phase. The advantages are that 
it ensures that the discretization upon execution is conservative, locally and globally. 
The coupling between the two phases will be simultaneously executed via a solver in 
(OpenFOAM, 2014). This synergistic approach will be the key to addressing the 
physics behind microscopic porous media particle laden flows. 
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Table 1 Previous studies on numerical approach to multiphase flows 
Author Application C.F.D. Method Important Characteristics Limitations 
Huisseune et 
al. (2015) 
Comparison of thermal 
performance of finned and metal 
foam heat exchangers in HVAC&R 
systems 
Finite Volume Method Assessed optimum geometric 
configuration to yield maximum 
thermal performance 
(1) Used 2D idealized metal foam 
configuration (2) Purely single phase flows 
Han & 
Cundall 
(2013) 
Fluid flow in porous media 
encountered in general engineering 
and natural systems. 
Lattice Boltzmann 
Method & Discrete 
Element Method 
Assessed hydro-mechanical 
physics in porous media. Studied 
fluid flow in ducts and settling of 
spheres 
(1) Lattice Boltzmann utilizes vast 
computational resources for 3D systems (2) 
No heat transfer analysis 
Ranut et al. 
(2014) 
Heat transfer in real 3D aluminium 
metal foam heat exchanger 
Finite Volume Method Numerical simulation based on 
real metal foam geometry 
obtained via x-ray CT scan. 
Effective thermal conductivity 
mostly dependant on foam’s 
ligament 
(1) Variation in permeability in x-y-z 
direction and its influence on heat transfer 
is not covered (2) Not known whether 
pressure drop or overall heat transfer 
performance is more sensitive to fouling (3) 
Purely single phase flows (4) No direct 
comparison between copper, carbon, and 
aluminium foams 
Diani et al. 
(2015) 
Forced convection analysis of 3D 
aluminium foams of various 
porosities 
Finite Volume Method Numerical simulation based on 
real metal foam geometry 
obtained via x-ray CT scan.  
Effective thermal conductivity 
mostly dependant on foam’s 
ligament. Increase in interfacial 
heat transfer coefficient with 
decreasing foam porosity 
(1) Variation in permeability in x-y-z 
direction and its influence on heat transfer 
is not covered (2) Not known whether 
pressure drop or overall heat transfer 
performance is more sensitive to fouling (3) 
Purely single phase flows (4) No direct 
comparison between copper, carbon, and 
aluminium foams 
Ji et al. 
(2008) 
Investigated two-phase flows in 
ceramic filters 
Eulerian-Lagrangian 
Method 
Model predicts particle 
distribution and deposition on 
the filter element  
Actual adhesive micro-mechanics of 
particle-particle interactions not taken into 
account 
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Marechal et 
al. (2014) 
Investigated clogging of air craft 
fuel systems 
Finite Volume Method 
& Discrete Element 
Method 
Used porous particles. Pressure 
drop increases as porous particle 
clogs aircraft filter systems. 
(1) Limited to 2D systems (2) Particle 
cohesiveness not taken into account (3) 
Based on idealized geometry 
Mao et al. 
(2014) 
Design optimization of aluminium 
foams for air cooled condensers.  
Finite Volume Method Established correlations for 
friction factors in metal foam 
heat exchangers. Optimum metal 
foam heat exchangers found to 
be superior to conventional 
compact heat exchangers  
(1) Idealized configurations studied (2) 
Purely single phase transport (3) No 
transient simulations to account for 
multiphase flows such as fouling 
Tsuji et al. 
(1992) 
Studied plug flow in horizontal pipe 
for general engineering applications 
Finite Volume Method 
& Discrete Element 
Method 
Different inlet velocities give 
rise to various plug formation 
distributions 
(1) Restricted to clear channels (2) Very 
large particles being considered (3) 
Absence of heat transfer analysis 
Mondal 
(2013) 
Studied hydrodynamic bridging at 
constrictions in clear channels 
Finite Volume Method 
& Discrete Element 
Method 
Used adaptive meshing 
techniques. Jamming probability 
increases with particle volume 
concentration. Numerical results 
validated with Ergun analytical 
results 
(1) Restricted to non-porous channels (2) 
Restricted to laminar mono-dispersed 
particle laden flows. 
Cui & 
Chapman 
(2014) 
Captured the behaviour of internal 
fluidization due to a leaking pipe 
Lattice Boltzmann 
Method & Discrete 
Element Method 
Fluidized pressure increases with 
both pipe buried depth and 
buried depth due to leak size 
(1) Difficult to apply LBM & DEM due to 
local leaking area (2) Lattice Boltzmann 
utilizes vast computational resources for 3D 
systems 
Lefebvre 
(2007) 
Used a coupled FVM & DEM to 
study particle-laden flows in clear 
channels 
Finite Volume Method 
& Discrete Element 
Method 
A new method called the 
penalization approach is used to 
couple the continuous and 
discrete phase.  
(1) No cohesion model embedded in the 
code (2) No model to account for particle 
stresses such as Harris-Creighton (3) No 
drag model such as Ergun Wen Yu to 
account for dense packing of particles (4) 
Restricted to non-porous channels 
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2.4. Research summary & Research questions 
 
It is clear from the literature that studies pertaining to fibrous metal foams used an 
array of assumptions and idealized conditions. A thorough numerical investigation 
coupled with analytical and empirical evidence is a necessity to accurately examine 
the mechanisms of particle-fluid transport with or without the influence of heat 
transfer and acoustics. A solid comprehension of this interesting phenomenon that 
governs species transport will be vital in carefully optimizing heat exchanger designs 
for specific applications. The identified research gaps are given below: 
 
1. It is not clear whether the use of metal foam or a combination of both metal 
foams and fins exhibit similar magnitudes of change in pressure drop, heat 
transfer performance, and deposition fraction when particle-laden fluid flows 
and particulate fouling are present in either of the aforesaid systems. It’s not 
clear if a slight variation to metal foam’s geometric configuration (or having 
a nonlinear porosity distribution throughout a foam) play a major role in 
fluid-particle transport, deposition patterns, and heat transfer performance. 
2. There exists no reliable empirical and analytical model to quantitatively 
correlate or validate numerical findings of multiphase flows in both idealized 
and real porous metal foam heat exchanger configurations.  Metal foam’s 
long term resistance to any form of fouling is not critically evaluated. 
3. The majority of studies that examine fluid and heat transfer characteristics in 
fibrous foams do not take into account the veracity of particle-particle 
transport on micro-scale consequently misjudging actual heat fluxes, pressure 
drops, and deposition fractions. Additionally, recent studies did not capitalize 
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on a realistic geometry of metal foam and lack in-depth comprehension of 
deposition processes on micro-scale.   
4. The majority of experiments conducted to study multiphase flows in porous 
channels utilize very expensive equipment. A novel and economical 
experimental technique to study transport behavior of multi-disperse aerosols 
in porous configurations, as an alternative to expensive techniques whilst 
maintain empirical accuracy, are yet to be ascertained. 
5. There exists ample research on acoustic agglomeration; however, research on 
acoustic or ultrasonic cleaning for particle removal in porous media such as 
metal foams is devoid. The mechanism of influence under acoustophoresis is 
poorly understood.  
6. Although nanofluids greatly enhance heat transfer performance of metal 
foams, no in-depth assessment is done to ascertain whether this effect is 
reduced or nullified under the presence of (heavy) particulate fouling. 
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Clearly, metal foams have an array of superior features that is gaining extensive 
attention and popularity in both research and industry sectors. However, there are 
intricate questions that need to be answered in order to ascertain metal foam’s true 
potential, that is, prior to having it mass produced for specific engineering 
applications. The categorical justification of the use of metal foams as an alternative 
to fins for every engineering application remains inconclusive. The following 
questions must be answered: 
1. How to develop a robust numerical model to examine the influence of 
industrial aerosol deposition on pressure drop in both idealized metal foam 
heat exchangers whilst achieving efficient computational coupling of particle 
and fluid phase? 
2. How to validate the numerical results? 
3. After the successfully validating the numerical results, the next query that 
arises is: what are the practicable solutions to mitigate fouling in a metal 
foam heat exchanger in order to better optimize the heat exchangers for 
engineering applications? 
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Chapter 3 Research Methodology 
 
In order to meet the objectives of this research, an appropriate method must be 
selected that aims to meet the objective in the stipulated timeframe of this research 
project. The justification of such judicious methods in the subsequent section is 
based on both the research objective, and the strengths and limitations of the various 
numerical and experimental approaches used by various authors as discussed in the 
literature review section.  
The following holistic approach is required to meet the objectives: 
1. The first step is to develop a robust and accurate validated numerical model 
based on a coupled F.V.M.-D.E.M. approach to study the mechanisms of 
particle transport in idealized or real porous media under the influence of a 
carrier fluid.  
 
2. Then implement this model based on mono particle-laden 2D laminar flows. 
The pressure drop, deposition fraction, in addition to the qualitative analysis 
of 2 and 4 way-coupled particle-laden flows in the idealized and real porous 
channels will be examined. 
 
3. The numerical pressure drop results will be validated against analytical 
models available in literature.  
 
4. Perform design optimization/parametric studies and propose practical 
solutions to mitigate metal foam heat exchanger fouling. 
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A flowchart highlighting the aforesaid key stages is depicted in Fig. 11.  
 
Fig. 11. Summary of methodology 
In order to assess the dynamics of particles and capture the actual particle deposition 
in idealized metal foam heat exchangers, an adhesive discrete element method is 
used to simulate the solid particles also known as the discrete phase. The finite 
volume method will be used to simulate the continuous phase such as air. This dual 
approach is necessary to capture the pressure drop and the deposition fraction in any 
metal foam heat exchanger configuration. A commercial package such as ANSYS 
has the limitation of not being able to compute collisions between particles of 
different type/density. Whilst it is true that C.F.D. software such as EDEM and 
STAR-CCM+ offers the advantage of being able to capture the adhesiveness between 
particle and wall contacts, the software is a commercial package even with their UDF 
functions, and so it doesn’t offer the flexibility of modifying the code, as is the case 
with an open-source package such as OpenFOAM.  
OpenFOAM (2004) is based on C++ programming language for the development of 
customized numerical solvers, and pre/post processing. Users have the flexibility to 
modify existing modules or develop new ones to cater their research needs. Since 
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OpenFOAM is based on C++, it is malleable to one’s needs. Therefore, in this 
research OpenFOAM (C++) will be used in this project.  
An advantage of using OpenFOAM is that one is able to create geometries and mesh 
in a number of other programs and use a converter developed by OpenFOAM to 
generate a mesh file that is compatible with OpenFOAM. In this project, the 
geometries have been created and meshed in ANSYS. Afterwards, a converter called 
‘fluentMeshtoFOAM’ is used to convert the mesh to OpenFOAM format.  
The meshes have been applied using tetrahedral meshing, edge sizing, and 
refinement. Inflated boundary regions are added to the obstructions to capture the 
fluid and particles behavior at the area of interest. 
The case files in ANSYS Fluent have been saved in ASCII format and exported to 
OpenFOAM format to execute numerical simulations in parallel on distributed 
processors. Lastly, an open source multi-platform application for scientific 
visualization called Paraview (Paraview, 2007) has been used for post-processing of 
simulated results and offers advanced visualization capabilities. It is able to run on a 
single-computer application or for data parallelism on shared or distributed multi-
computers and clusters. ImageJ (ImageJ, 1997), is a Java based image processing 
program which for this research project can be used to produce a tally of the number 
of particles within a domain at any one time throughout the numerical simulation. 
This important feature will be used to quantify the calculation which is necessary for 
validation stages such as the modified porosity of a configuration at any time 
throughout the simulation and taking a tally of the number of particles in a domain. 
The following approach for 2D or 3D idealized metal foam heat exchangers are 
summarized as shown in Fig. 12. 
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Fig. 12. Numerical approach to particle-laden flows in idealized and real metal foam 
heat exchangers 
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3.1. Numerical model establishment 
The transport of fluid momentum within pore scale metal foam structures are 
described by the Navier-Stokes equations shown in Eqs 1 & 2 (Narsilio et al., 2009). 
The fluid flow in this study is incompressible and isothermal. The Ergun-Wen Yu 
drag model is used to account for dense packing of spheres confined in a 
computational domain and such models must be incorporated as discussed by 
Gidaspow et al. (1992). It is noted that the incompressible fluid flow equations 
constitute the porosity or void fraction of a C.F.D. cell denoted as 𝜺.  
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The equation that governs the motion of discrete particles in numerical simulations is 
shown in Eq. 3 (Zhou et al., 2010). The normal and tangential particle contact forces 
are inscribed to account for particle translation motions (Chu & Yu, 2008). Particle 
rotations are not considered here.  :  
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 (3) 
It is noted that there is no difference in the deposition patterns obtained from 
numerical simulations with or without the virtual mass force and basset history force 
since the density of the aerosols used in this study is significantly larger than the 
density of the fluid (air). Therefore, these terms will not be included in any numerical 
simulations. A non-linear spring dashpot model is deployed in the numerical model 
to account for the normal and tangential contact forces between particle-particle and 
particle-wall contacts. This particular contact model is universal in the discrete 
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element method (Cundall & Strack, 1979). Brownian force will not be incorporated 
into the particle model as the particle sizes used in the numerical investigations are 
significantly greater than 1 µm. 
Finally, a linear cohesion model will be used in order to account of particle 
adhesiveness through the surface energy density  . The cohesiveness or 
adhesiveness between particles is denoted as the cohesion energy density, 
(Fernandez & Nirschl, 2013).  The particle contact parameters, solid and fluid 
properties are shown in  
Table 2.  
contactDEC AF ...  
(4) 
 
Table 2 Linear cohesion model details and particle and fluid details 
Solid-Gas Flows Details Sawdust Sandstone Air 
Density (kg/m3) 300 2600 1.225 
Diameter (µm)* 500 500 - 
Young’s Modulus (MPa) 500 10000 - 
Poisson Ratio 0.20 0.33 - 
Kinematic Viscosity (m2/s) - - 0.000018 
Cohesion Energy Density 20000 20000 - 
Coefficient of Restitution 
[CoR] 
0.4 0.4 - 
Coefficient of Friction [CoF] 0.5 0.5 - 
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3.2. Idealized computational domain & numerical configuration 
The three 2D idealized metal foam heat exchangers to study particle-laden flows is 
depicted in Fig. 13.  The three configurations show a variation in geometric profiles 
and varying number of obstruction walls. The obstruction walls represent aluminium 
foam’s ligaments. The dimensions of the three configurations are shown in Table 3. 
The particle laden flow is taken to be in the positive x-direction, whereas 
gravitational acceleration is in the negative y-direction. 
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(a) Configuration 1 
 
(b) Configuration 2 
 
 
(c) Configuration 3 
 
Fig. 13. Computational domain and geometric profiles (dimensions not to scale)  
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Table 3 Geometric properties for the three configurations (all units in mm unless 
otherwise stated) 
 𝜺 (%) p  L H 
cl  kl  ch  vh  
Configuration 1 96.08 2.5 25.0 5.0 12.5  - 2.5  - 
Configuration 2 94.34 1.5 25.0 5.0 10.0 5.0 1.5 2.0 
Configuration 3 91.52 1.5 25.0 5.0 8.0 5.0 1.5 2.0 
 
The idealized foam structure with porosity of 96.08% depicted in Fig. 13a is an 
approximate representation of the porosity of a real aluminium foam, Sample no.6 
(Bhattacharya et al., 2002), whereas Fig. 13b with porosity of 94.34% and Fig. 13c 
with 91.52% porosity, are approximate representations of real aluminium foam based 
on Sample no. 2 (Liu et al., 2006) and Sample no.1 (Liu et al., 2006) respectively. 
The said porosities are selected here to assess and compare particle deposition and 
pressure drop characteristics in three different porous configurations. The porosity of 
these idealized foams is calculated as a fraction of surface area of the void (fluid) 
space, 𝑆𝑇 − 𝑆𝑃𝑅 , to the total area of a configuration 𝑆𝑇. The total area of the 
obstruction walls (metal foam pores) is denoted by 𝑆𝑃𝑅 in Eq.5.  
T
PRT
S
SS 
  (5) 
 
The boundary conditions and computational grids for each of the three configurations 
are shown in Table 4 and Fig. 14. Sandstone and sawdust dust particles represent the 
dispersed phase, whereas air represents the fluid continuous phase. 
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Table 4 Boundary conditions for the 3 configurations 
 Velocity (m/s) Pressure (Pa) 
Inlet 0.5 Zero Gradient 
Outlet Zero Gradient 0 
Top Wall No Slip Zero Gradient 
Bottom Wall No Slip Zero Gradient 
Obstruction Wall(s) No Slip Zero Gradient 
 
 
(a) Configuration 1 
 
 
(b) Configuration 2 
 
 
 
 
(c) Configuration 3 
Fig. 14. Computational mesh for the 3 idealized configurations 
The discrete phase is based on sandstone and sawdust particles (Table 2). These 
particles are prevalent in arid and semi-arid regions. These dust sizes are also 
prevalent in modern Heating, Ventilation, Air Conditioning & Refrigeration 
(H.V.A.C.& R.) systems, as well as boilers (Denker & Shklovsky, 2013; Ibrahim, 
2012; Siegel & Nazaroff, 2002; Abd-Elhady, et al., 2004; Subbarao et al., 2009; 
Stehlík et al., 2010; McCluskey & Haghighi-Khoshkhoo, 2007; Van Beek et al., 
2001; Lawler, 2008; Kockmann, Engler, & Woias, 2005; Abd-Elhady et al., 2005).  
   
42 
 
Therefore, the six case studies to examine particle-fluid transport and particle 
deposition (fouling) is given in Table 5. For each of the case studies, 200 particles 
are injected into each of the three configurations.  
Table 5 Six case studies  
Case studies Sandstone   Sawdust  
Configuration 1 Case A1 Case B1 
Configuration 2 Case A2 Case B2 
Configuration 3 Case A3 Case B3 
 
The combined P.I.S.O. – S.I.M.P.L.E. method (DPMFoam, 2014) is used to solve the 
equations that govern the fluid continuum phase. For the discrete model, the explicit 
time integration method is selected to solve the translational motions of sandstone 
and sawdust particles.  
The C.F.D. (fluid) time step is set to 5 × 10−4 s and the D.E.M. timestep of 5 ×
10−6 s is assigned. The simulation is executed from t = 0.00 s to t = 1.00s. The level 
of residuals set to 1e-06. Momentum predictor is disabled for porous configurations 
for numerical stability and accuracy. Regardless of whether the momentum predictor 
is enabled or not, the numerical results produced in either case remain the same. The 
only difference is that the simulation with momentum predictor enabled took longer 
time to achieve convergence.  
The finite volume and discrete element solvers are executed simultaneously 
throughout the duration of the simulation for all six case studies. OpenFOAM 
program (OpenFOAM, 2014) is used to perform such tasks.   
In the later stages of this research, the modified Navier Stokes, Darcy-Brinkman-
Forchheimer equations, will be used to simulate flows in porous media on a macro-
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scale as shown in Eqs. 6,7,8 which denote the governing equations for mass, 
momentum, and energy conservation. 
∅
𝜕𝜌𝑓
𝜕𝑡
+  ∇ ∙ (𝜌𝑓 𝑢∅) = 0 (6) 
∇𝑝 = − 
𝜇
𝐾
𝑢∅ − 𝐶𝐹
𝜌𝑓
√𝐾
𝑢∅ ∙𝑢∅ 
(7) 
∅𝜌𝑓𝑐𝑝𝑓
𝜕𝑇
𝜕𝑡
+ 𝜌𝑓𝑐𝑝𝑓𝑢∅∇𝑇 =  ∅∇ ∙ (𝑘∇𝑇) +  ∅𝑞𝑓
′′′  
(8) 
 
There are several important points to consider prior to executing a simulation. 
Firstly, the coupling interval or coupling number determines the time passing 
between the two CFD-DEM data exchanges. For example a DEM time-step of 
0.0001 s with a coupling number of 10 means that data is exchanged, coupling 
occurs, every 0.0001s x 10 = 0.001s (Eq. (9)) 
CFD time-step = data exchange = coupling number x DEM time-step (9) 
 
Secondly, the time-step for the dispersed phase is deduced via the Rayleigh number 
Eq.(10), whereas the Courant number Eq.(11) applies for the continuous phase. It is 
important to note that the DEM time-step is lower than the CFD time-step in order to 
account for the micro-level physics contact dynamics between micro-sized particles.  
𝑇𝑟 =
𝜋𝑟√
𝜌𝑝
𝐺
(0.163𝑣 + 0.8766)
 
(10) 
𝑁𝑐 =
𝑢𝑓∆𝑥
∆𝑡
<  𝑁𝐶,𝑚𝑎𝑥 (11) 
 
The motion of a given particle at every time step is updated based on immediate 
neighbors of particles and fluids. In addition, the motion of the particle may also be 
affected by the disturbance waves of the fluid striking the atom. These disturbance 
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waves originate from other particles far away from the vicinity of the actual particle. 
This is particularly well noted in dense particulate systems. In principle, the selection 
of the appropriate DEM time step is found to be a time step corresponding to 10 to 
20% of the Rayleigh time and Hertz time should be used (Mondal, 2013); depending 
on the scenario, for simple systems containing few particles at low speeds 30% still 
shows numerical stability, the percentage should be around 20% for large number of 
particles with high velocities.  
A comprehensive and in-depth outline discussing the algorithms used for parallel 
CFD-DEM modeling is discussed by Xiao & Sun (2011). They have methodically 
discussed the parallel processing numerical inefficiencies observed when 
encountering void fraction calculations, two-phase momentum exchange, and 
particles’ contact forces at irregular boundaries. Therefore, when dealing with 3D 
real foams coupled with particles, a multithreading technique will be used to 
overcome load-balancing issues that are inherent in heterogeneous particle 
distributions.  
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3.3. Summary 
 
Once all the settings are in place, and upon execution of OpenFOAM program, the 
coupling between the finite volume and discrete element solver is achieved as shown 
in Fig. 15. It is possible to run OpenFOAM programs in parallel on distributed 
processors which will be useful when executing simulations based on 3D real metal 
foam structures. The user has four domain decomposition methods to choose from 
(simple, hierarchical, scotch, manual) for parallel processing through OpenMPI 
(OpenFOAM Parallel Computing, 2014). Additionally, simultaneous execution of 
multiple numerical simulations is possible on QUT’s H.P.C. thereby saving a lot of 
the user’s time. 
 
Fig. 15. Coupling methodology between the Finite Volume (F.V.M.) and Discrete 
Element (D.E.M.) solvers 
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The next chapter entails verification and validation of the numerical model which is 
summarized in Fig. 16. This step is necessary prior to obtaining and analyzing 
numerical results for the 6 cases presented in Table 5. 
 
Fig. 16. Summary of procedure to acquire numerical results 
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Chapter 4 Validation and Verification of Numerical Model 
4.1. Model verification: sensitivity of grid spacing 
 
The grid convergence study is performed based on the three configurations in Fig. 13 
with an inlet fluid velocity of 5 m/s, using four different meshes the corresponding 
pressure drop across the mid plane of the obstacle is shown in Table 6 to Table 8 for 
configuration 1, 2, and 3. The mesh was refined around the obstacle with increasing 
edge sizing corresponding to increased number of nodes. In this example, Grid 2 is 
selected for our study for configuration 3 to minimize computational requirements 
and getting a good solution. Similarly, a mesh with 4203 and 6941 nodes were 
selected for configurations 1 and 2 respectively.  
Table 6 Grid convergence at uf = 5.0 m/s
 of laminar flow in a channel based on 
configuration 1 
Grid Total number of nodes Pressure drop (Pa) 
Grid 1 2123 66.23 
Grid 2 4203 66.20 
Grid 3 6491 66.25 
Grid 4 12123 66.21 
 
Table 7 Grid convergence at uf = 5.0 m/s
 of laminar flow in a channel based on 
configuration 2 
Grid Total number of nodes Pressure drop (Pa) 
Grid 1 4417 73.44 
Grid 2 6941 73.43 
Grid 3 12864 73.46 
Grid 4 23708 73.45 
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Table 8 Grid convergence at uf = 5.0 m/s
 of laminar flow in a channel based on 
configuration 3 
Grid Total number of nodes Pressure drop (Pa) 
Grid 1 7382 79.46 
Grid 2 10787 79.80 
Grid 3 17822 79.75 
Grid 4 29578 79.86 
 
The graphs shown in Fig. 17 is an example of the computational problem being 
solved by OpenFOAM based on the momentum and continuity equations. After the 
simulation is complete, the commands ‘foamLog’ and ‘foamJob’ are used to extract 
the relevant data such as the initial residual of velocity (Ux_0) and pressure (P_0) in 
order to assess whether to solution is converging to a steady-state. The extracted data 
is then tabulated in Excel. For example, Fig. 17c shows that the residuals depreciate 
monotonically until approximately the 100th iteration. After which there is no 
decrease, in other words, it reaches the convergence tolerance of 10-6 for the 
momentum equations and 10-5 for continuity equations after 150 iterations.   
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(a) 
 
(b) 
 
(c) 
 
Fig. 17. Residual plots of the three configurations using Grid 2 (a) Configuration 1 
(b) Configuration 2 (c) Configuration 3 
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4.2. Model verification: sensitivity analysis of cohesion energy 
density  
 
A cohesion energy density sensitivity study based on 500µm sandstone and sawdust 
particles has been conducted to examine the influence of adhesive van der Waals 
forces on the aforesaid particle size. 1000 particles have been injected into the 
system throughout the simulation. An incompressible isothermal fluid (air) is 
selected for the continuous phase. The particles are assigned as rigid spheres with 
smooth surfaces. The properties of air, sandstone, and sawdust are given in  
Table 2. The number of particles remaining, or in other words, deposited at the end 
of the simulation is shown in Table 9 to Table 10.  Firstly, the results shows that the 
simulation takes longer to complete when more particles are present in any of the 
three configurations. All results show that an increase in cohesion energy density of 
either sandstone or sawdust shows no difference in the total number of particles 
deposited at the end of the simulation. Moreover, increasing the cohesion energy 
density results in an increase in the computational resources being deployed.  It has 
instituted that irrespective of the value of the assigned cohesion energy density of 
either particle; the number of particles deposited on walls remains very similar 
throughout the channel as shown in Table 9. This is arguably due to the fact that 
cohesiveness between particles, including van der Waals and electrostatic forces, 
play an insignificant role in particle deposition in particles greater than 100 µm, in 
other words, particle inertia and fluid drag forces in our case studies play a profound 
role in particle deposition and aggregation over van der Waals forces in which the 
latter is more profound in submicron range particle sizes. This observation is 
consistent with the facts stated by Fernandez & Nirschl, 2013 and Marshall & Li, 
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2014. Therefore a cohesion energy density value of 10,000 is chosen to ease 
computation burden. 
Table 9 Cohesion energy density sensitivity analysis of laminar particle-laden 
(sandstone) flow in a channel based on Configurations 1, 2, & 3. 
Cohesion energy density,  
(J/m3) 
Number of deposited 
particles 
Elapsed computation time  
(min; single core) 
Configuration 1 
0 474 70 
10000 479 120 
20000 482 240 
50000 476 420 
Configuration 2 
0 636 80 
10000 642 240 
20000 638 367 
50000 640 587 
Configuration 3 
0 631 89 
10000 636 250 
20000 628 392 
50000 630 622 
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Table 10 Cohesion energy density sensitivity analysis of laminar particle-laden 
(sawdust) flow in a channel based on Configurations 1, 2, & 3. 
Cohesion energy 
density,  (J/m3) 
Number of deposited 
 particles 
Elapsed computation time  
(min; single core) 
Configuration 1 
0 327 66 
10000 320 105 
20000 324 204 
50000 319 378 
Configuration 2 
0 627 81 
10000 631 234 
20000 624 348 
50000 629 541 
Configuration 3 
0 622 80 
10000 624 244 
20000 619 387 
50000 624 610 
 
 
The grid independent test and the cohesion energy density sensitivity analysis is an 
important facet when it comes to verifying the numerical model prior to having it 
deployed for actual numerical analysis of particle-laden flows in various 
configurations. Now that the appropriate mesh for the three configurations and 
cohesion energy density values for the solid aerosols (sandstone and sawdust) have 
been selected for this research project, the next step is to validate the model against 
analytical equations.  
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4.3. Validation of numerical pressure drop results 
There are a number of analytical equations that can be used to validate the findings 
based on pressure drop obtained through numerical methods. One such method is the 
Ergun equation (Ergun, 1952) which is an equivalent to the Darcy-Forchheimer-
Brinkman  class constitutive equations. The Ergun equation is commonly used in 
chemical and process industries to compute the pressure drop profiles in packed bed 
of spheres and fluidized beds. This set of equation has been deployed in this study to 
analytically validate the findings from the F.V.M.-D.E.M. simulations.  Herein, the 
Darcy-Forchhiemer equation used in this investigation, as shown in Eq. 12, is used 
to validate the findings of pressure drop values obtained numerically for all three 
idealized heat exchanger configurations.  The permeability of a given heat exchanger 
configuration, K , is dependent on the porosity (in this project the modified porosity) 
as stated by Happel & Brenner (1973).  The Darcy-Forchheimer equation (Eq.12) 
bodes well with modified porosity values ranging from 80 % to 100 %.  
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There are a number of correlations and correction factors applied to the original 
Ergun equations (equivalent to the Darcy-Forchheimer equations) for various 
applications such as in packings of arbitary shaped particles. The correction factors 
applied depend on a number of factors such as Reynolds numbers and particle shapes 
(Vollmari et al., 2015). In the case studies presented here, it was found that the 
incorporation of a correction factor in the original Darcy-Forchheimer equation (Eq. 
12) to give Eq.14 ultimately paved way for numerical results to resolutely accord 
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with analytical pressure values for modified porosities in any configuration spanning 
from 50 % to 65 %.  Secondly, it is noted that superimposing a modified Carman-
Kozeny equation, MK , into Eq.12 to give Eq.15 evidently provided good agreement 
with numerical results for 65 %  m < 80 % (shown underlined in Table 11).  
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All of the pressure drop values obtained numerically and analytically are shown in 
Table 11. Cases A1, A2, A3 are based on configurations 1, 2, 3 respectively and are 
based on sandstone particles. Cases B1, B2, B3 are based on configurations 1,2,3 
respectively and are based on sawdust particles. The respective porosities m  and 
tortuosity   at each time step is shown. The curvature or twist in the fluid flow 
pathlines is denoted by the tortuosity  (Bruggeman, 1935) given in Eq.16. As can 
be seen in Table 11, the tortuosity increases with decreasing modified porosity, 
ultimately this leads to an increase in the overall pressure drop value. 
5.0
1
m
  (16) 
 
 
 
 
 
 
   
55 
 
Table 11  Comparative assessment between numerical and analytical pressure drop 
Case Time 
[s] 
𝜀𝑚 
    [%] 
  
[-] 
∆P 
(Numerical) 
[Pa] 
∆P (Eq. 12) 
[Pa] 
∆P (Eq. 18) 
[Pa] 
∆P (Eq. 19) 
[Pa] 
A1 0.40 87 1.07 0.60 0.76 0.076 0.089 
 0.70 76 1.17 0.98 5.90 0.590 1.17 
 1.00 64 1.25 1.72 21.9 2.19 11.87 
A2 0.40 84 1.09 2.92 2.19 0.219 0.423 
 0.70 75 1.20 4.03 5.12 0.512 3.36 
 1.00 60 1.30 6.77 55.54 5.54 15.69 
A3 0.40 82 1.08 3.43 3.39 0.339 0.377 
 0.70 72 1.15 5.85 11.76 1.176 6.43 
 1.00 56 1.34 9.07 87.2 8.720 58.45 
B1 0.40 91 1.05 0.38 0.46 0.046 0.034 
 0.70 87 1.07 0.63 0.71 0.071 0.11 
 1.00 74 1.16 1.33 6.43 0.643 1.44 
B2 0.40 86 1.07 1.80 1.56 0.156 0.13 
 0.70 84 1.09 2.07 2.32 0.232 0.26 
 1.00 67 1.22 6.15 19.0 0.190 6.42 
B3 0.40 85 1.08 3.91 2.97 0.297 0.21 
 0.70 73 1.26 4.41 15.99 1.599 3.80 
 1.00 58 1.31 7.85 66.1 6.61 38.5 
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4.4 Summary 
 
An in-depth verification of the numerical model has been performed based on grid 
refinement for the computation domain in addition to a cohesion energy density 
sensitivity analysis which is of paramount importance prior to executing actual 
numerical simulations of particle-laden flows in metal foam heat exchanger of 
various configurations. Afterwards, the pressure drop and deposition fraction of the 
six cases were presented of which varies depending on the porosity of the 
configuration. This numerical assessment provides an in-depth quantitative 
numerical validation based on analytical equations of the Darcy-Forchheimer 
equations. The analytical pressure drop values obtained from the Darcy Forchheimer 
equation closely align with the numerical values for 𝜀𝑚 ≥ 80 % whereas a newly 
proposed modified Darcy Forchheimer equation gave good agreement between 
numerical and analytical values for 50 % < 𝜀𝑚 < 80 %.  
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Chapter 5 Numerical Results & Discussion 
5.1. Finite volume-discrete element analysis of particle-laden 
flow in clear channel 
 
The numerical analysis of the following sections will assist engineers to better 
understand micro-hydrodynamics and particle transport on the pore-level of metal 
foams. Likewise, it will be of great importance for engineers working with ultralight 
heat exchangers. Herein, the impact of the various geometric configurations on the 
pressure drop and deposition fraction is addressed. Firstly, a numerical assessment of 
particle-laden (based on sandstone and sawdust particles) flow in a clear channel 
(without any obstructions) is brought to attention as shown in Fig. 18. The purpose 
of this particular case study is to have a direct comparison between the particle 
transport behavior and the mechanisms that govern particle transport, and pressure 
drop based on a clear channel and the three porous channels. The dimensions of this 
clear channel are same as the cases depicted in Table 3 except that there are no 
obstructions inside the channel. The boundary conditions are exactly the same as 
stated in  
Table 2 and Table 4. The computational domain will be shown here for 
convenience.  
 
Fig. 18. Computation domain and boundary conditions of clear channel 
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The same set of simulations for this clear channel configuration were repeated based 
on varying other parameters such as particle type, diameter, and fluid inlet velocity 
as shown in Table 12.  
As shown in Fig. 19 and Fig. 20 representing Case C1 and C2 respectively, it is 
noted that after particles are injected into the system via the inlet domain, the 
particles settle under the influence of gravity and are brought to the bottom wall. The 
hydrodynamic forces are responsible for the particles to be driven towards the outlet, 
however due to a high particle-fluid density ratio, the particles’ velocity drastically 
decrease towards the outlet domain. This then leads to particle aggregation and 
eventual deposition as illustrated. The sawdust particles have a significantly lower 
relaxation time than sandstone due to the difference in inertia, thus explaining why 
sandstone particles undergo gravitational settling at a more rapid pace than sawdust 
particles. The sandstone particles are unable to overcome the micro-hydrodynamic 
forces that propel sawdust aerosols towards the outlet. Therefore, the sawdust 
particles have a significantly lower deposition fraction and consequent pressure drop.  
It is noted that at a higher fluid velocities greater than 1.0 m/s, there is almost no 
deposition irrespective of particle size (Case C3, C4, C5). For the sake of clarity, the 
fluid velocity contour lines at the bottom half of this clear channel have been 
deliberately removed in order to have the deposited particles clearly visible.  
Table 12 Case studies for particle-laden flow in a clear channel at t = 1.00 s 
Cases 
Particle 
type 
Inlet 
velocity 
(m/s) 
Particle 
diameter 
(µm) 
Pressure 
drop (Pa) 
Deposition 
fraction 
(%) 
C1 sandstone 0.5 500 1.80 48 
C2 sawdust 0.5 500 0.13 1 
C3 sandstone 1.5 500 4.37 0 
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C4 sandstone 0.5 250 0.22 3 
C5 sandstone 1.0 500 3.54 0 
 
 
 
(a) t = 0.203 s 
 
 
 
(b) t = 0.430 s 
 
 
 
(c) t =0.750 s 
 
 
 
 
(d) t = 1.00 s 
 
Fig. 19. [Case C1] Particle deposition and aggregation over time. Sandstone particle 
size of 500 µm with a superficial inlet velocity of carrier fluid (air) at 0.5 m/s. 
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It is noted that the discrete phase (particles) has a direct influence of the continuous 
(air) phase and that the variation of fluid velocity is responsible for the change in 
particle trajectories which will further discussed in subsequent chapters. Overall, a 
two, four-way coupling has been realized where particle-particle, particle-wall, and 
particle-fluid, fluid-particle interactions are prevalent within the computation 
domain.  
A similar observation was found by Marechal et al. (2014) who studied clogging and 
aggregation of rigid ice particles in jet engine fuel systems and its consequet increase 
in pressure drop. Their studies indicate the clogging of ice particles in filtration 
systems give rise to pressure drop and the fluid velocity trajectories change as a 
result of this particle aggegration.  
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(a) t = 0.203 s 
 
 
 
(b) t = 0.430 s 
 
 
 
(c) t =0.750 s 
 
 
 
 
(d) t = 1.00 s 
 
Fig. 20. [Case C2] Particle deposition and aggregation over time. Sawdust particle 
size of 500 µm with a superficial inlet velocity of carrier fluid (air) at 0.5 m/s. 
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5.2. Finite volume-discrete element analysis of particle-laden 
flow in porous channels 
 
Now the pressure drop and deposition fractions for the three configurations with 
various obstructions in them (based on Fig. 13) will be discussed herein. The 
pressure drops have been validated against the various analytical models presented in 
Chapter 4. Furthermore, the tortuosities and modified porosities caused by the 
particle deposits are provided.  
The pressure drop for the six case studies (Table 5) is depicted chronologically in 
Fig. 21. The effect of the particulate phase on the fluid continuum, the formation of 
aggregates along the arches of the obstruction walls, and its consequent clogging of 
the system, and increased pressure drop are observed. Evidently, all three 
configurations are susceptible to increase particle clogging over time thereby 
creating increased pressure gradient as shown in Fig. 21. This ultimately decreases 
the original porosity of each configuration, in addition to the generation of unsteady 
laminar flow being prevalent in all numerical simulations caused by the influence of 
particle aggregates on fluid flow as shown in Fig.  22 & Fig. 23. A significant 
number of aggregates around the obstruction walls are profound at the end of the 
simulation for all six cases. The tortuosity  , and modified porosities of each three 
configurations m are denoted for all six cases at t = 0.40 s, 0.70 s, 1.00 s as shown 
in Fig.  22 & Fig. 23. Deposition is profound where the inertial forces are not strong 
enough to transport the particles throughout the viscous flows thereby reducing 
deposition via gravitational settling. 
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Fig. 21. Numerical pressure drop variation with time for the eight case studies 
The pressure drop and deposition fraction for each of the six case studies depicted in 
Fig.  22 & Fig. 23 are represented over time and the corresponding graphs shown in 
Fig. 21. Cases A2 and B2 show the majority of deposits accumulated near the inlet 
and around the walls of the first column obstruction at t = 1.00 s as shown in Fig. 21 
& Fig.  22. However, Cases A3 and B3 have approximately equal number of deposits 
near the first and second column obstruction. This is due to configuration 2 having a 
greater distance between the inlet and the centerline of the first obstruction than 
configuration 3 (Fig. 13b & Fig. 13c). Consequently, configuration 3 will have a 
larger fraction of incoming particles from the inlet undergo impaction with first 
column walls thereby having a greater tendency to be transported towards the second 
column walls. Conversely, configuration 2 will have a greater number of particles 
undergoing sedimentation prior to impacting the first column wall leading to a 
greater number of aggregates being formed along the bottom walls near the first 
column. 
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Case A1 has a larger number of deposits near the inlet than Case B1. This is 
attributable to the fact that sandstone, having a higher mass and effective diameter 
than sawdust, is able to withstand the hydrodynamic effects thus requiring more 
force to drive the sandstone particles towards the outlet. Consequently, Case B1 has 
particles that are more homogenously distributed on the bottom wall than Case A1.  
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Case A1  
 
(a) t = 0.40 s, m = 87 %,  = 1.07 
 
(b) t = 0.70 s, m = 76 %,  = 1.17 
 
(c) t = 1.00 s, m = 64 %,  = 1.25 
 
 
 
 
 
 
Case A2  
 
(a) t = 0.40 s, m = 84 %,  = 1.09 
 
(b) t = 0.70 s, m = 75 %,  = 1.20 
 
(c) t = 1.00 s, m = 60 %,  = 1.30 
 
 
 
 
 
 
Case A3  
 
(a) t = 0.40 s, m = 82 %,  = 1.08 
 
(b) t = 0.70 s, m = 72 %,  = 1.15 
 
(c) t = 1.00 s, m = 56 %,  = 1.34 
 
 
 
 
 
 
Fig.  22. Pressure drop and sandstone velocity profile for three configurations at         
t = 0.40s, 0.70s, 1.00s with an inlet velocity of uf = 0.50 m/s, dp = 500 µm 
 
 
 
 
   
66 
 
 
Case B1  
 
(a) t = 0.40 s, m = 91 %,  = 1.05 
 
(b) t = 0.70 s, m = 87 %,  = 1.07 
 
(c) t = 1.00 s, m = 74 %,  = 1.16 
 
 
 
 
 
 
 
Case B2  
 
(a) t = 0.40 s, m = 86 %,  = 1.07 
 
(b) t = 0.70 s, m = 84 %,  = 1.09 
 
(c) t = 1.00 s, m = 68 %,  = 1.22 
 
 
 
 
 
 
 
Case B3  
 
(a) t = 0.40 s, m = 86 %,  = 1.08 
 
(b) t = 0.70 s, m = 73 %,  = 1.26 
 
(c) t = 1.00 s, m = 58 %,  = 1.31 
 
 
Fig. 23. Pressure drop and sawdust velocity profile for three configurations at             
t = 0.40s, 0.70s, 1.00s with an inlet velocity of uf = 0.50 m/s, dp = 500 µm 
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The magnitudes of tortuosities and modified porosities against time for all six case 
studies are plotted and are illustrated in Fig. 24. At the start of the simulation, there 
exists miniscule variation in both the modified porosity and tortuosity irrespective of 
the configuration of the system. However, as can be seen, the configurations with 
more obstructions are ultimately susceptible to fouling thereby reducing the original 
porosity of the system; thus explaining the large difference in tortuosity and modified 
porosity at t = 1.00 s than at t = 0.40 s. The large obstructions have a greater 
tendency of restricting particle movement thereby increasing blockage of these 
systems. 
(a) 
 
   
68 
 
(b) 
 
Fig. 24. (a) modified porosity vs. time (b) tortuosity vs. time for the eight case 
studies 
 
Table 13 shows the particle deposition fraction at the end of the simulation which is 
calculated as the ratio of total number of particles left in the domain at the end of the 
simulation to the total number of particles injected to the system. It is evident that all 
configurations show a greater number of heavier particles of sandstone being 
deposited due to higher settling velocity and most undergo gravitational settling as 
the primary transport mechanism. However, less sawdust particles are in the domain 
due to much lower inertia than sandstone. In that case, the carrier fluid has a stronger 
tendency to drag the particles out of the domain explaining the lower sawdust 
deposition fraction towards the end of the simulation. Interestingly, all three 
configurations show very similar number of sandstone particles being deposited. This 
is attributed largely to the obstructions in each of the configurations that are 
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primarily linked to preventing a large number of particles passing throughout the 
three columns of obstruction wall. 
Table 13   Particle deposition fraction at t = 1.00 s for the eight cases all with an inlet 
velocity of 0.5 m/s and particle diameter of 500 µm. Cases are denoted in brackets 
 
It is noted that the pressure drop and time follows a linear relation for all 6 case 
studies. According to Fig. 21, a sharp incline in pressure drop is observed 
commencing t = 0.70 s for Cases A2, A3, and B3. Additionally, the tortuous fluid 
flow passage is significantly greater in Cases A3 and B3 contributing to an increased 
pressure drop.   
The deposition fraction for the clear channel for both particle (Cases C1 and C2) 
types are significantly lower than the porous channels. This is arguably due to the 
fact that the clear channel has negligible particle interception with the obstruction 
walls and the removal of particles within a clear channel is primarily due to particles 
first being settled under sedimentation; consequently the fluid shear stress and 
particle-particle impaction mechanisms drive the majority of these solid aerosols 
towards the outlet and away from the clear channel configuration. Interestingly, the 
clear channel with sawdust (Case C2 with 96.08 % porosity) and the next most 
porous configuration with the same dust particles (Case B1 with 100 % porosity) 
have a large difference in the deposition fraction even though their respective 
porosities differ by a small amount, 4 %.  This is primarily due to the significantly 
lower particle relaxation times the sawdust possesses in addition to the clear channel 
having no obstructions and hence fewer particle-wall (interception) interactions. 
 Sandstone Sawdust 
Configuration 1 61.5 %  (A1) 43.0 %  (B1) 
Configuration 2 63.5 %  (A2) 53.0 %  (B2) 
Configuration 3 64.0 %  (A3) 54.0 %  (B3) 
Clear Channel 48.0 %  (C1) 1.00 %  (C2) 
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Consequently, all sawdust particles in this clear channel are effectively driven away 
from the configuration without any hindrance from the obstructing walls. As a result, 
the tortuosity in this particular case remains unchanged as shown in Fig. 24. It is 
clear that the mechanisms of particle transport differ depending on the porosity of the 
configuration with only gravitational sedimentation playing a key role in deposition 
in clear channels, whereas both gravitational sedimentation and impaction are 
dominant in channels with obstructions.  
This is solely due to the fact that the pressure drop and permeability based Reynolds 
number in porous media is highly sensitive to the overall porosity of configuration 
(Duhkan et al., 2014); these cases have a drastic decline in overall porosity caused by 
the gradual increase in dust accumulation forming tightly packed aggregates around 
the arches of the first and second column obstruction walls, thus explaining the steep 
increase in pressure drop.  
Inertial impaction play a dominant role over hydrodynamic interactions in particle 
aggregation and consequently result in a steep increase in pressure drop for 
configurations 2 and 3 for both particle types. However, sedimentation plays a more 
dominant role in Cases A1 and B1. The lighter sawdust particles are easily 
transported towards the outlet and most are deposited far away from the inlet 
therefore a sharp pressure drop is not as profound as the heavier sandstone particles. 
The heavier sandstone particles have a calculated Stokes number (Eq. 17) of 
approximately 500 whilst sawdust is just 60. Thus the sandstone particles’ 
trajectories deviate from its original path, settling under the action of gravity at a 
rapid pace than sawdust, thereby increasing particle-particle and particle to wall 
interactions near the inlet; explaining the higher pressure drop for sandstone than 
sawdust irrespective of the configuration. 
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Particle aggregation and large deposits at the latter stages of the simulation are 
primarily responsible for the notable disturbance of fluid flow leading to more 
tortuous flow paths and consequent increase in pressure drop as depicted by the 
pressure contours in Fig.  22 & Fig. 23. Further, the large formation of aggregates 
near the first column obstruction for configurations 2 and 3 at t = 0.70 s onwards are 
responsible for trapping the newly generated particles from the inlet thus increasing 
the pressure drop in this configuration. 
Configuration 1 is reported to have the lowest pressure drop for both dust particles as 
this configuration has the least number of obstruction walls making it highly porous; 
sedimentation is the primary mechanism for deposition; most particles have a higher 
tendency to be transported away towards the outlet with minimum impact on the 
obstruction arches than the other two obstructions. It is evident that increasing the 
number of obstruction walls or decrease in porosity of the configuration, leads to an 
increase in particle-wall interactions, and consequently increases in aggregate 
formation. This further leads to trapping a large swathe of incoming particles from 
the inlet.  
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5.3. Particle travelling time in metal foam heat exchangers: an 
additional post processing feature 
 
An interesting feature available in ParaView is the ability to capture the amount of 
time a particle has spent in any particular configuration at any time of the simulation. 
This feature is called ‘Age’. Its distinct ability to calculate the said parameter will be 
useful in comparing the number of particles that have been present in various 
configurations at a specific period of time. For example, as shown in Fig. 25, at t = 
1.00 s, around five sandstone particles have been in the system for around 0.6 s; 
whereas around five sandstone particles have been in the system for less than 0.05 s, 
in other word, they have been recently introduced into the system at t = 1.00 s. 
 
Fig. 25. Fluid pressure drop and age of sandstone particles at t = 1.00 s with an inlet 
velocity of uf = 0.5 m/s, dp = 500 µm (based on Case C1) 
It is clearly shown in Fig. 26 for all three configurations that particles that are present 
in the domain for a long period of time are located in regions of low air velocity this 
explains the strong likelihood of particle aggregation and deposition in these regions. 
In other words, particle deposition rates increase over time in these regions. 
Configuration 1 shows most of the particles based on age   0.5 s are located close to 
the outlet whereas Configurations 2 and 3 show particles of the same age located 
somewhere between the columns of obstructions. This is largely attributable to the 
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fact that the geometric configurations hence frequency of particle-obstruction wall 
interactions differ between the three configurations. Configuration 1 has lower 
instances of particle-obstruction wall interactions (impaction), instead gravitational 
settlement is more profound therefore explaining the variation in distribution of 
particles of different ages.  
The observations of this particle deposition essentially confirm with the particulars 
stated by Sauret & Hooman (2014) who developed a criterion matrix based on an 
Eulerian-Lagrangian approach for the prediction of likelihood of particle deposion in 
idealized metal foam heat exchangers. They have stated that an increase in fluid 
velocity in fibrous metal foam structures indicate the strong possibility of particles to 
flow through domain with less or no deposition.  Secondly, they have stated that a 
particle with a higher travelling time (time that a particle has spent in a metal foam) 
has potentially a higher chance of deposition.  Clearly, the numerical findings 
presented in this section (in addition to the next section dealing with parametric 
studies) depicting the actual particle-particle, particle-wall, and particle-fluid 
interactions firmly align with Sauret & Hooman’s (2014) particle prediction criteria. 
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(a) Configuration 1 
 
(b) Configuration 2 
 
(c) Configuration 3 
 
Fig. 26. Fluid pressure drop and age of sandstone particles at t = 1.00 s with an inlet 
velocity of uf = 0.5 m/s, dp = 500 µm for (a) Case A1, (b) Case A2, (c) Case A3 
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5.4. Summary 
 
A coupled finite-volume and discrete-element approach was used in this 
investigation to qualitatively and quantitatively examine the primary mechanisms of 
particle transport in clear and porous channels and its influence on deposition 
fraction and pressure drop. The contour plots for each cases show the particle-
particle, particle-fluid, and particle-wall interactions (two & four-way coupling). The 
frequencies of such interaction differ depending on the geometric profile and 
porosity of the configurations being investigated. The deposition fraction and 
pressure drop increases with time in all case studies with the exception of sawdust. 
All configurations irrespective of the porosity, show less pressure drop and 
deposition fraction throughout the entire simulation when sawdust is being 
considered due to lower particle inertia. Evidently, with time, the modified porosity 
and hence the tortuosity of the configuration varies due to particle deposition and 
aggregation.  
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Chapter 6 Design Optimization of Metal Foam Heat Exchangers 
This section is based on three parametric studies to examine the deposition patterns 
and pressure drop based on varying the fluid inlet velocity, particle diameter, and 
modifying the geometric configuration. The work described in this chapter is to 
determine an optimum geometric configuration and setting (such as inlet fluid 
velocity) that produces the smallest amount of particle being deposited and hence 
least pressure drop without compromising the heat transfer performance of the 
system.  
6.1. Influence of a higher fluid inlet velocity on pressure drop 
and deposition fraction 
 
The six cases (Table 5) were repeated at a higher inlet fluid velocity of 1 m/s and 2 
m/s. It is noted that when the inlet velocity is 2 m/s, the particles follow the fluid 
streamlines for longer, at most 20 mm from the inlet before settling under the action 
of gravity, whereas it was half the distance when particles were injected with a 0.5 
m/s velocity. Therefore, particle interception is more profound when the particles are 
injected into and immersed in a fluid with an inlet velocity of 1 m/s or higher.  A 
summary of the results of pressure drop and deposition fraction based on a variation 
of fluid velocity is shown in Table 14.  The parametric studies are denoted by ‘P’ 
(i.e. P1A) and are benchmarked against the original case studies (i.e. A1) highlighted 
in Table 14. 
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Table 14  Case P1: Influence of higher fluid velocity on deposition pattern at             
t = 1.00 s 
Case 
uf 
(m/s) 
Configur-
ation 
𝜺 
(%) 
Particle 
dp 
(µm) 
p
 
(mm) 
Deposition 
fraction (%) 
Numerical 
∆P (Pa) 
A1 0.5 1 96.08 Sandstone 500 2.5 61.50 1.72 
A2 0.5 2 93.34 Sandstone 500 1.5 63.50 6.77 
A3 0.5 3 91.52 Sandstone 500 1.5 64.00 9.07 
P1A 1 1 96.08 Sandstone 500 2.5 40.00 3.68 
P1B 1 2 93.34 Sandstone 500 1.5 44.00 10.21 
P1C 1 3 91.52 Sandstone 500 1.5 46.00 15.70 
P1D 2 1 96.08 Sandstone 500 2.5 27.00 5.24 
P1E 2 2 93.34 Sandstone 500 1.5 45.00 16.03 
P1F 2 3 91.52 Sandstone 500 1.5 44.00 23.77 
 
In Fig. 27, the case with 1 m/s inlet velocity, there is a decrease in the number of 
particles left in the domain at the end of the simulation with a deposition fraction of 
46 % (Case P1C - see page 93 for Table 13) as compared to 64 % for the 0.5 m/s 
(Case A3 - Table 13 see page 71 for Table 12) case. This is attributed to the larger 
fluid velocity being able to transport most particles away from the domain; however, 
despite a 28 % reduction in deposition compared to Case A3, the pressure drop 
increased to 72 %; attributable to the higher fluid inlet superficial velocity.  
According to Fig. 28, the higher velocity case (2 m/s) shows a different deposition 
pattern when compared with the lower velocity case (1 m/s). For instance, Fig. 28 
shows larger fraction of deposits located in between the columns of the obstructions 
and near towards the outlet than what is depicted in Fig. 27. In other words, more 
aerosols are found deposited between the arches of the obstructions in the case based 
on Fig. 28; whereas more aerosols are found deposited between the inlet region and 
arch of the first column obstruction in the case presented in Fig. 27. This is arguably 
due to the fact that the carrier fluid based on a higher velocity is able to transport 
more of the solid aerosols towards the outlet than the case with the lower fluid 
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velocity. Although the magnitudes of the deposition fraction are similar, the pressure 
drop differs significantly due to the large difference in fluid velocity.  
Interestingly, at 1 m/s and 2 m/s, the deposition fraction and pressure drop remains 
more or less the same for configurations 2 and 3 but differs greatly for configuration 
1.  This is arguably due to the fact that although particle interception is dominant in 
configurations 2 and 3, the high inlet velocity is responsible for larger frequencies of 
particle-wall interactions and therefore this leads to particles being clogged in 
between the columns of the obstruction walls.  
Additionally, although configuration 3 has similar magnitudes of deposition fraction 
at 1 m/s and 2 m/s (46 % and 44 % respectively – Table 14), the pressure drop 
differs by 51 % (Table 14); moreover, for the 1 m/s case, a reduced amount of 
particles are seen obstructing and engulfing the second and third last obstruction 
column when compared with the same configuration at 2 m/s. In a design 
optimization perspective, the 1 m/s case for configuration 3 ought to be selected over 
the 2 m/s case even though both have similar magnitudes of deposition fraction this 
is because the pressure drop is significantly less for the 1 m/s and the obstruction 
walls are less accumulated by the aerosols therefore that should potentially mitigate 
the negative impact the deposits have on the effective thermal conductivity of the 
metal foam ligaments (obstruction walls).  
Another interesting result is based on Cases P1C and P1E (Table 14). It is noted here 
that although the configuration 2 at 2 m/s (Case P1E) and configuration 3 at 1 m/s 
(Case P1C) have different porosities and geometric profiles, their respective 
deposition fraction and pressure drop are nearly identical.  If the overall weight of a 
compact heat exchanger and/or space limitations for heat exchanger installation are 
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of prime importance for a particular application, case P1E ought to be selected due to 
higher porosity hence less weight whilst achieving identical pressure drop and 
deposition fraction as compared to case P1C.  
If maximizing heat transfer performance is not of prime importance to the end user 
but rather keeping a minimum on the deposition fraction (hence less maintenance 
work on heat exchangers) whilst keeping the pressure drop to a minimum then 
configuration 1 ought to be selected (Case P1A or P1D). However, it’s observed that 
P1A has a substantially high deposition fraction (40 %) than P1D (27 %) and the 
pressure drop differs by 42 % due to the difference in inlet velocities between the 
two cases. Should less heat exchanger maintenance work be the goal, then case P1D 
ought to be selected but it comes at a price of a higher pressure drop. Conversely, an 
overall lower pressure drop may be favored irrespective of the deposition fraction, 
then case P1A may be selected.  
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(i) t = 0.40 s 
 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
(a) Case P1A  
 
(i) t = 0.40 s 
 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
(b) Case P1B 
 
 
 
(i) t = 0.40 s 
 
(ii) t = 0.70 s 
 
 
(iii) t = 1.00 s 
 
(c) Case P1C  
Fig. 27.  Fluid pressure drop and sandstone particles velocity for cases P1A, P1B, 
P1C at t = 0.40, 0.70, 1.00 s with an inlet velocity of uf = 1.0 m/s, dp = 500 µm 
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(i) t = 0.40 s 
 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
(a) Case P1D  
 
(i) t = 0.40 s 
 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
(b) Case P1E 
 
 
 
(i) t = 0.40s 
 
(ii) t = 0.70s 
 
(iii) t = 1.00s 
 
(c) Case P1F  
Fig. 28. Fluid pressure drop and sandstone particles velocity for cases P1D, P1E, P1F 
at t = 0.40, 0.70, 1.00 s with an inlet velocity of uf = 2.0 m/s, dp = 500 µm 
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6.2. Influence of particle diameter on pressure drop and 
deposition fraction 
 
The six cases (Table 5) were repeated for a smaller particle diameter of 250 µm.  A 
summary of the deposition fraction and pressure drop is shown in Table 15. The 
deposition patterns and its trends with varying configuration are similar to that of 
cases A1, A2, A3, B1, B2, and B3. In other words, although the deposition fraction 
for P2A to P2F are similar to that of A1 to A3 and B1 to B3, the pressure drop differs 
significantly largely due to the fact that the obstruction walls have significantly fewer 
particles engulfing each of the circular obstructions in any of the three configurations 
due to particle size.  
Table 15  Case P2: Influence of particle diameter on deposition pattern at t = 1.00 s 
Case 
uf 
(m/s) 
Configur
-ation 
𝜺  
(%) 
Particle 
dp 
(µm) 
p

(mm) 
Deposition 
fraction 
(%) 
Numerical 
∆P (Pa) 
A1 0.5 1 96.08 Sandstone 500 2.5 61.50 1.72 
A2 0.5 2 94.34 Sandstone 500 1.5 63.50 6.77 
A3 0.5 3 91.52 Sandstone 500 1.5 64.0 9.07 
B1 0.5 1 96.08 Sawdust 500 2.5 43.0 1.33 
B2 0.5 2 94.34 Sawdust 500 1.5 53.0 6.15 
B3 0.5 3 91.52 Sawdust 500 1.5 54.0 7.85 
P2A 0.5 1 96.08 Sandstone 250 2.5 59.00 0.99 
P2B 0.5 2 94.34 Sandstone 250 1.5 58.00 4.61 
P2C 0.5 3 91.52 Sandstone 250 1.5 58.00 5.30 
P2D 0.5 1 96.08 Sawdust 250 2.5 27.00 0.97 
P2E 0.5 2 94.34 Sawdust 250 1.5 2.00 3.39 
P2F 0.5 3 91.52 Sawdust 250 1.5 2.00 3.99 
 
In Fig. 29, it is noted that a slightly lower deposition fraction of 57 % was observed 
than Case A3. It is noted that in this case, there is not a significant increase in 
pressure drop as compared to the densely packed configurations denoted in Case A3 
and P1, a major reason lies with the fact that the height of the dendritic aggregates 
are explicitly smaller than those encountered in Case A3 based on larger particle 
diameters, as shown in Fig. 29. Although Case P2 has 11 % less deposition than A3, 
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the pressure drop decrease in P2 compared with A3 is around 41 %, this is partly due 
to the fact that deposition increases with particle size with A3 having a larger 
aggregate height thereby increasing blockage of the obstruction walls of the first and 
second column giving a higher pressure drop.  
In Fig. 30, configuration 1 has more deposits than configurations 2 and 3. This is 
because configurations 2 and 3 have obstructions within the system that may delay 
the time taken for particles to settle at the bottom surface due to the particle-
obstruction wall impact; whereas, configuration 1 has very few obstruction walls and 
there is a very low probability of particles striking this wall; instead most of the 
particles settle to the bottom of the wall. A similar deposition pattern was reported 
earlier in clear channels, shown in Fig. 19.  
Interestingly, for the sandstone particles, it is shown (Table 15) that irrespective of 
the configuration in hand, the deposition fraction is more or less the same with the 
maximum difference observed to be 1.3 % (between Cases P2A & P2B or P2A & 
P2C). However, the respective pressure drops in P2A, P2B, and P2C differ greatly 
due to the obstruction walls, and are not directly caused by particle accumulation as 
they show negligible accumulation around the obstruction walls unlike the larger 
particle sizes (500 µm) as was observed in the previous studies (Sections 5.1, 5.2, 
5.3, 6.1).  
It should be noted that depending on the target application, based on a system with 
sawdust particles or particles with similar densities (Cases P2E and P2F), case P2F 
could be selected over case P2E to potentially achieve maximum thermal 
performance of heat exchanger albeit having a 17 % pressure drop increase due to 
more obstructions (metal foam ligaments) being present in Case P2F unlike Case 
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P2E.  On the other hand, if the end user desires to mitigate the extremities of pressure 
drop to a minimum whilst having an exchanger system with a lower weight, then 
P2E could be selected. However, for a system with sandstone particles, the 
deposition fractions are identical (Case P2A, P2B, P2C) standing at 58-59 % 
although the respective pressure drops differ significantly. Case P2A could be 
selected over Cases P2B and P2C whilst achieving minimum pressure drop of 0.99 
Pa. However, should thermal performance be maximized irrespective of the concern 
for having a higher pressure drop, then Cases P2B or P2C can be selected whilst both 
having identical deposition fractions.  
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(i) t = 0.40 s 
 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
(a) Case P2A  
 
(a) t = 0.40 s 
 
(b) t = 0.70 s 
 
 
(c) t = 1.00 s 
[CASE P2B] 
(b) Case P2B  
 
(a) t = 0.40 s 
 
(b) t = 0.70 s 
 
(c) t = 1.00 s 
 
 
(c) Case P2C  
Fig. 29. Fluid pressure drop and sandstone particles velocity for cases P2A, P2B, 
P2C at t = 0.40, 0.70, 1.00 s with an inlet velocity of uf = 0.5 m/s, dp = 250 µm 
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(a) t = 0.40 s 
 
 
(b) t = 0.70 s 
 
(c) t = 1.00 s 
 
(a)  Case P2D  
 
(a) t = 0.40 s 
 
(b) t = 0.70 s 
 
 
(c) t = 1.00 s 
 
(b) Case P2E  
 
(a) t = 0.40 s 
 
(b) t = 0.70 s 
 
(c) t = 1.00 s 
 
(c) Case P2F  
Fig. 30. Fluid pressure drop and sawdust particles velocity for cases P2D, P2E, P2F 
at t = 0.40, 0.70, 1.00 s with an inlet velocity of uf = 0.5 m/s, dp = 250 µm 
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6.3. Influence of varying geometric configuration on pressure 
drop and deposition fraction 
 
Another study was conducted to study the sandstone deposition fraction and pressure 
drop observed in a newly developed configuration albeit having a very close porosity 
value to Configuration 3. However, the obstruction wall’s diameter is increased to 
2.5 mm and a one row configuration is designated as shown in Fig. 31. A summary 
of the results for the deposition fraction and pressure drop are shown in Table 16. 
Table 16 Case P3: Influence of geometric configuration variation on deposition 
pattern at t = 1.00 s 
Case 
uf 
(m/s) 
Configur
-ation 
𝜺 Particle 
dp 
(µm) 
p

(mm) 
Deposition 
fraction (%) 
Numerical 
∆P (Pa) 
A3 0.5 3 91.52 Sandstone 500 1.5 64.00 9.07 
B3 0.5 3 91.52 Sawdust 500 1.5 54.00 7.85 
P31 0.5 - 88.23 Sandstone 500 2.5 52.00 3.70 
P32 0.5 - 88.23 Sawdust 500 2.5 1.00 3.88 
P33 0.5 - 88.23 Sandstone 250 2.5 57.00 3.74 
P34 0.5 - 88.23 Sawdust 250 2.5 0.00 3.42 
P35 1.0 - 88.23 Sandstone 500 2.5 48.00 11.8 
P36 2.0 - 88.23 Sandstone 500 2.5 6.00 10.2 
P37 1.0 - 88.23 Sandstone 250 2.5 1.00 6.26 
P38 2.0 - 88.23 Sandstone 250 2.5 1.00 7.74 
 
Interestingly, based on Fig. 31 (case P31), the deposition fraction and pressure drop 
is significantly less than the values obtained in Case A3. In other words, this 
geometric configuration is shown to have 60 % less pressure drop and 19 % less 
deposition fraction than Case A3 (see case P31 in Table 14 and case A3 in Table 11 
and Table 13). This is attributable to the wider gap between the obstructions and 
more space available for particles to bypass the obstruction walls. From an 
optimization perspective, this three pore one-row configuration may be selected over 
configuration 3, both with very similar porosities, for a lower deposition fraction and 
reduced pressure drop which should have similar heat transfer performance but with 
reduced pressure drop and particulate fouling. This design optimization analysis has 
the potential to be of practical importance in the fields of Microelectromechanical 
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systems (MEMS) such as microfoams or when dealing with multiphase flows in light 
and compact heat exchangers.  
 
 
(i) t = 0.40 s 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
Fig. 31. Fluid pressure drop and sandstone particles velocity at t = 0.40, 0.70, 1.00 s 
with an inlet velocity of uf = 0.5 m/s, dp = 500 µm [CASE P31] 
The same numerical analysis was repeated with the use of sawdust instead as 
depicted in Fig. 32. Clearly, due to a significantly lower mass of sawdust particles, 
the majority of these particles easily drift away towards the outlet and there are is 
strong particle aggregation taking place. Moreover, there are fewer particle-
obstruction wall interactions taking place. Particle transport behavior is similar to 
that shown in Fig. 30. 
 
(i) t = 0.40 s 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
Fig. 32. Fluid pressure drop and sawdust particles velocity at t = 0.40, 0.70, 1.00 s 
with an inlet velocity of uf = 0.5 m/s, dp = 500 µm [CASE P32] 
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The next case involves the examination of sandstone and sawdust transport and 
deposition patterns. Both aerosols are based on a 250 µm diameter. A superficial 
inlet velocity of 0.5 m/s was selected.  A similar number of deposits are observed as 
compare to Fig. 29; however the deposits in this configuration are more linearly 
distributed due to the variation of angle of interaction between the geometric 
obstructions and the sandstone particles.   
 
 
(i) t = 0.40 s 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
Fig. 33.  Fluid pressure drop and sandstone particles velocity at t = 0.40, 0.70, 1.00 s 
with an inlet velocity of uf = 0.5 m/s, dp = 250 µm [CASE P33] 
 
(i) t = 0.40 s 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
Fig. 34. Fluid pressure drop and sawdust particles velocity at t = 0.40, 0.70, 1.00 s 
with an inlet velocity of uf = 0.5 m/s, dp = 250 µm [CASE P34] 
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According to Fig. 34, there exists no particle aggregation and there are slightly fewer 
particles present in the domain at any one time when compared to the configuration 
loaded with sawdust in Fig. 30. This is particularly owing to the fact that the two-row 
six-pore configuration (Fig. 30) shows a larger frequency of particle interception and 
impaction with the walls leading to a collision of particles and aggregating upon 
settling on the bottom wall. Thus contributing to greater particle deposits and direct 
particle-particle interaction as depicted in the cases shown in Fig. 30, unlike the 
present case here in Fig. 34. 
A higher inlet velocity of 1.0 m/s and 2.0 m/s was investigated and its effects on the 
sandstone particles are illustrated in Fig. 37 and Fig. 38 respectively. The results are 
compared with Fig. 27 and Fig. 28 whilst noting that the porosity of the two 
configurations (Fig. 31 and Fig 23) are of similar magnitudes albeit with a change in 
geometric orientation and dimensions of the obstruction walls. It is clear that the 
pressure drop and deposition fraction is reduced based on this configuration. 
Therefore, in a design optimization perspective, a 3 pore one-row configuration with 
similar porosity to a 6 pore two-pore configuration ought to be selected for reducing 
fouling and consequent pressure drop.  
Based on a smaller sandstone particle size, shown in Fig. 37 and Fig. 38, almost no 
apparent particle aggregation is present and there exists no significant pressure drop 
variation as the higher fluid velocity and lower particle mass prevents particle re-
entrainment and deposition.  
Interestingly, comparing the P35 and P1C cases (both having a fluid inlet velocity of 
1 m/s); despite the new configuration having a 4 % higher number of deposits, the 
new configuration has a 24.8 % lower pressure drop than original configuration 
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thanks to the geometric variation. This is because Case P1C (Fig.27) has its first 
obstruction column (next to inlet) completely blocked and surrounded by a large 
layer of solid aerosols unlike Case P35 (Fig. 35); this explains the larger pressure 
drop in the former. A similar observation is made with Cases P33 and P2C. 
However, the sawdust particles (Cases P34 and P2F) show 12.5 % decrease in 
pressure drop and 2 % reduced deposition fraction in the new configuration. 
Comparing case P36 and P15 (both of which have the same inlet velocity at 2 m/s), 
the new configuration shows an 86 % and 57 % decrease in deposition fraction and 
pressure drop respectively. It is clear that this new configuration (3 pore one-row 
configuration: 88 % porosity) offers superior performance in terms of less pressure 
drop and deposition fraction than the original configuration (6 pore two-row 
configuration: 91 % porosity) both of which have nearly the same porosities.  
 
 
(i) t = 0.40 s 
 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
 
Fig. 35. Fluid pressure drop and sandstone particles velocity at t = 0.40, 0.70, 1.00 s 
with an inlet velocity of uf = 1.0 m/s, dp = 500 µm [CASE P35] 
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(i) t = 0.40s 
 
 
(ii) t = 0.70s 
 
(iii) t = 1.00s 
 
 
Fig. 36. Fluid pressure drop and sandstone particles velocity at t = 0.40, 0.70, 1.00 s 
with an inlet velocity of uf = 2.0 m/s, dp = 500 µm [CASE P36] 
 
 
 
(i) t = 0.40 s 
 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
 
Fig. 37. Fluid pressure drop and sandstone particles velocity at t = 0.40, 0.70, 1.00 s 
with an inlet velocity of uf = 1.0 m/s, dp = 250 µm [CASE P37] 
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(i) t = 0.40 s 
 
(ii) t = 0.70 s 
 
(iii) t = 1.00 s 
 
 
Fig. 38. Fluid pressure drop and sandstone particles velocity at t = 0.40, 0.70, 1.00 s 
with an inlet velocity of uf = 2.0 m/s, dp = 250 µm [CASE P38] 
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6.4. Summary 
 
A parametric study has been proposed to investigate the effects of the variation of 
fluid velocity, particle diameter, and varying geometric configuration on the 
deposition fraction and pressure drop. An in-depth discussion regarding the selection 
and suitability of a certain configuration and setting was included. The selection of 
the optimum heat exchanger configuration ultimately depends on the target 
application where one may favor fewer deposits albeit having a higher pressure drop 
or more porous structures when dealing with space or area installation restrictions. It 
is evident that the results based on aerosol penetration or deposition fraction and 
pressure drop differ significantly. Clearly, irrespective of the parameters being 
changed, and depending on target application, a 3 pore 1 row configuration is 
generally the optimum geometry over a 6 pore 2 row configuration (both such 
configurations having near identical porosities) in terms of achieving a lower 
pressure drop and deposition fraction. At the maximum allocated velocity of 2 m/s, 
almost no large aggregates formation in the optimized channels occurred as they are 
unable to withstand the hydrodynamic fluid forces. However, a very large pressure 
drop is encountered. The sawdust aerosols continue to show low deposition fraction 
as compared to sandstone particles due to a significantly lower particle relaxation 
time. Appendix A consists of all of the results based on all the cases presented in this 
project.  
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Chapter 7 Conclusions & Recommendations 
7.1. Conclusions 
 
The simultaneous execution of C.F.D. & D.E.M. methods to examine dust deposition 
and aggregation in three idealized configurations of metal foam heat exchangers is 
performed with the use of OpenFOAM software. The particle deposition fraction and 
fluid pressure drop profiles based on these three configurations are evaluated on the 
pore scale. A sensitivity analysis based on numerical model validation and 
verification was performed. Afterwards, the validated numerical model was deployed 
to assess particulate fouling in idealized metal foam heat exchangers of various 
configurations. Lastly, an in-depth parametric assessment was performed to assess 
the optimum geometric configuration for engineering applications. The current 
research achievements can be summarized as follows: 
1. Prior to deploying the numerical model to assess particulate flows in porous 
media, two sensitivity studies have been successfully conducted. This step is 
essential to verify the numerical model. The first is based on a grid 
independent study and the second is based a cohesion energy density study 
for the particles.  
2. An analytical model based on the Darcy Forchheimer equation, which is an 
equivalent to the Ergun equation in addition to a modified Darcy Forchheimer 
equation, was successfully used to validate the numerical pressure drop 
values. 
3. After validating and verifying the numerical model, the actual simulations 
were executed. It was found that all three configurations are ultimately 
susceptible to particulate fouling. Moreover, similar magnitudes of deposition 
   
96 
 
fraction for sandstone and sawdust particles are obtained but the pressure 
drop profiles differ significantly. This is largely attributable to the geometric 
differences of the configurations which alter the prevailing mechanisms of 
transport process. It is noted that the pressure drop is highly sensitive to the 
overall porosity of a configuration. The permeability based Reynolds number 
is found to correlate well with the theoretical aspects of particle-laden flows 
in fibrous materials.  
4. The analytical pressure drop values obtained from the Darcy Forchheimer 
equation closely align with the numerical values for 𝜀𝑚 ≥ 80% whereas a 
newly proposed modified Darcy Forchheimer equation gave good agreement 
between numerical and analytical values for 𝜀𝑚< 80%. A good agreement 
between the analytical and numerical pressure drop profiles signifies the 
robustness of this coupled F.V.M.-D.E.M. method and its ability to resolve 
the flow fields at the micro-scale. 
5. From an optimization and economic perspective, a three pore one-row 
configuration with similar porosity to a six pore two-row configuration ought 
to be selected to mitigate particulate fouling whilst achieving much less 
particle deposition, pressure drop value, and potentially having greater heat 
transfer performance. In most cases irrespective of fluid superficial velocity 
or particle type being considered, the three pore one-row configuration 
clearly outperforms the original six pore two-row configuration in terms of 
pressure drop, particle deposition fraction, and aerosol penetration. This 
configuration will have the potential to be of great importance when dealing 
with light and compact heat exchangers or even microchannels when using 
microfoams. 
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6. The transient numerical analysis of particle-laden flows using a coupled 
F.V.M.-D.E.M. physics that governs the discrete phase in all heat exchanger 
configurations provides a robust and accurate description of particle physics 
in porous media. Moreover, these findings confirm well with Sauret & 
Hooman’s (2014) findings based on the predictions of the likelihood of 
particle distribution in porous media structures.  
This newly validated numerical assessment of multiphase flow in porous media 
serves as an important stepping stone to address the efficacy of metal foams in heavy 
industrial applications.  
7.2. Limitations of present study 
 
Although the numerical results presented in this research work were validated against 
the analytical models, there exist a few limitations which ideally should be addressed 
in near future. Firstly, the scope of this thesis was restricted to several scenarios 
based on three idealized configurations and mono-disperse industrial aerosols. 
Secondly, the idealized channels used in this study are approximate representations 
of the actual 3D metal foam; as such, it would be useful and essential to capitalize on 
a real metal foam geometry in order to gain a holistic understanding of the real nature 
of particle transport under the actions of heat and ultrasonics (de-agglomeration of 
solid aerosols)  on a macro-scale aside from pore-scale analysis which is presented in 
this study.  Thirdly, the scope of this project is based on mono dispersed particle-
laden flows on a micro-scale. It is a necessity to conduct studies on a macro-scale in 
order to get a global and holistic understanding of particle-laden flows in an array of 
metal foam configurations in addition to working on a code that accommodates 
particle poly-dispersity. An in-depth experimental investigation that utilizes Particle 
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Image Velocimetry (P.I.V.) could be conducted to reinforce the findings of particle-
laden flows in various real porous structures such as metal foams in light, compact 
small scale or heavy large scale heat exchangers.  
7.3. Future direction 
 
Moreover, further study such as the assessment of particle deposition in various types 
of real 3D metal foam geometries, such as copper and titanium foams ought to be 
conducted. This synergistic F.V.M. – D.E.M. approach coupled with empirical 
evidence is part of a long term research project to examine industrial aerosol 
deposition in idealized and real 3D metal foams, and its effect when coupled with 
turbulence and heat transfer. 
Based on the research objectives the future tasks encapsulate the following: 
 
 A numerical model needs to be developed that incorporates thermophoresis 
(conjugate heat transfer) and acoustophoresis (particle dynamics under 
influence of acoustic fields) effects on particle transport and deposition. The 
mechanisms of influence governing particle transport (based on both mono-
dispersed and poly-dispersed particulate flows) in idealized porous structures 
will be deciphered.  
 Henceforth, the numerical investigation of particle-laden flows in real 3D 
metal foam based on X-ray μ-CT scans needs to be examined. 
 The experimental investigation of particle transport in both idealized and real 
3D metal foam geometries would be required for deeper validation of the 
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numerical model and understanding of the physical phenomena at a pore-
scale level.  
 Conduct design optimization studies to garner practicable solutions to 
mitigate particulate fouling in real 3D metal foam heat exchangers.  
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Appendix A 
 
Table 12 Case studies for particle-laden flow in a clear channel at t = 1.00 s 
 
Table 13   Particle deposition fraction at t = 1.00 s for the eight cases all with an inlet 
velocity of 0.5 m/s and particle diameter of 500 µm. Cases are denoted in brackets 
 
Table 14 Case P1: Influence of higher fluid velocity on deposition pattern at t = 1.00 
s 
Case 
uf 
(m/s) 
Configur-
ation 
𝜺 
(%) 
Particle 
dp 
(µm) 
p
 
(mm) 
Deposition 
fraction (%) 
Numerical 
∆P (Pa) 
A1 0.5 1 96.08 Sandstone 500 2.5 61.50 1.72 
A2 0.5 2 93.34 Sandstone 500 1.5 63.50 6.77 
A3 0.5 3 91.52 Sandstone 500 1.5 64.00 9.07 
P1A 1 1 96.08 Sandstone 500 2.5 40.00 3.68 
P1B 1 2 93.34 Sandstone 500 1.5 44.00 10.21 
P1C 1 3 91.52 Sandstone 500 1.5 46.00 15.70 
P1D 2 1 96.08 Sandstone 500 2.5 27.00 5.24 
P1E 2 2 93.34 Sandstone 500 1.5 45.00 16.03 
P1F 2 3 91.52 Sandstone 500 1.5 44.00 23.77 
 
 
 
 
 
 
Cases Particle 
type 
Inlet 
velocity 
(m/s) 
Particle 
diameter 
(µm) 
Pressure 
drop (Pa) 
Deposition 
fraction 
(%) 
C1 sandstone 0.5 500 1.80 48 
C2 sawdust 0.5 500 0.13 1 
C3 sandstone 1.5 500 4.37 0 
C4 sandstone 0.5 250 0.22 3 
C5 sandstone 1.0 500 3.54 0 
 Sandstone Sawdust 
Configuration 1 61.5 %  (A1) 43.0 %  (B1) 
Configuration 2 63.5 %  (A2) 53.0 %  (B2) 
Configuration 3 64.0 %  (A3) 54.0 %  (B3) 
Clear Channel 48.0 %  (C1) 1.00 %  (C2) 
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Table 15  Case P2: Influence of particle diameter on deposition pattern at t = 1.00 s 
Case 
uf 
(m/s) 
Configur
-ation 
𝜺  
(%) 
Particle 
dp 
(µm) 
p

(mm) 
Deposition 
fraction 
(%) 
Numerical 
∆P (Pa) 
A1 0.5 1 96.08 Sandstone 500 2.5 61.50 1.72 
A2 0.5 2 94.34 Sandstone 500 1.5 63.50 6.77 
A3 0.5 3 91.52 Sandstone 500 1.5 64.0 9.07 
B1 0.5 1 96.08 Sawdust 500 2.5 43.0 1.33 
B2 0.5 2 94.34 Sawdust 500 1.5 53.0 6.15 
B3 0.5 3 91.52 Sawdust 500 1.5 54.0 7.85 
P2A 0.5 1 96.08 Sandstone 250 2.5 59.00 0.99 
P2B 0.5 2 94.34 Sandstone 250 1.5 58.00 4.61 
P2C 0.5 3 91.52 Sandstone 250 1.5 58.00 5.30 
P2D 0.5 1 96.08 Sawdust 250 2.5 27.00 0.97 
P2E 0.5 2 94.34 Sawdust 250 1.5 2.00 3.39 
P2F 0.5 3 91.52 Sawdust 250 1.5 2.00 3.99 
 
Table 16 Case P3: Influence of geometric configuration variation on deposition 
pattern at t = 1.00 s 
Case 
uf 
(m/s) 
Configur
-ation 
𝜺 Particle 
dp 
(µm) 
p

(mm) 
Deposition 
fraction (%) 
Numerical 
∆P (Pa) 
A3 0.5 3 91.52 Sandstone 500 1.5 64.00 9.07 
B3 0.5 3 91.52 Sawdust 500 1.5 54.00 7.85 
P31 0.5 - 88.23 Sandstone 500 2.5 52.00 3.70 
P32 0.5 - 88.23 Sawdust 500 2.5 1.00 3.88 
P33 0.5 - 88.23 Sandstone 250 2.5 57.00 3.74 
P34 0.5 - 88.23 Sawdust 250 2.5 0.00 3.42 
P35 1.0 - 88.23 Sandstone 500 2.5 48.00 11.8 
P36 2.0 - 88.23 Sandstone 500 2.5 6.00 10.2 
P37 1.0 - 88.23 Sandstone 250 2.5 1.00 6.26 
P38 2.0 - 88.23 Sandstone 250 2.5 1.00 7.74 
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This project has been partially supported through an ARC-DECRA DE130101183. 
Moreover, the numerical simulations have been performed with the use of Q.U.T.’s 
High Performance Computing group (H.P.C.).  
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